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ABSTRACT
Characterization of Stage VI Petrocalcic Horizons:
S. Nevada and N.W. Arizona
by
Amy L. Brock
Dr. Brenda J. Buck, Examination Committee Chair 
Associate Professor o f  Geoscience 
University o f Nevada, Las Vegas
Highly indurated petrocalcic soil horizons are records o f  paleoclimate, and past 
geomorphic and pedogenic processes that have occurred in arid and semi-arid regions. 
This research used geomorphic mapping, profile descriptions and sampling, and 
micromorphological and chemical analyses to identify the geomorphic and pedogenic 
processes that contributed to the development o f  stage II-VI petrocalcic horizons at 
M ormon Mesa, Nevada. Soil pisoliths are described as stage II soil pendants and nodules 
incorporated into the indurated horizons as rotated soil pendants with pendant lamina on 
their undersides and as fragments o f  petrocalcic materials with pendant lamina on their 
undersides. These soil features record pedogenic responses to oscillations in climate 
from the early Pliocene to Holocene. The events that created pisolith features at Mormon 
Mesa include the exposure o f  the upper portions o f  the horizons, erosion, fragmentation, 
and incorporation o f  these fragments into eolian deposits at the surface. Chemical and 
mineralogical processes that occur within these highly indurated horizons include the 
dissolution o f  grains and formation o f  pedogenic minerals such as sepiolite, palygorskite, 
and barite. Pedogenic barite precipitated in areas o f  increased microporosity that include
iii
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root pores, cracks, and amid fibers o f fibrous silicate clays. Barium from dust leached 
into the profile during precipitation events and combined with sulfate to precipitate barite 
in the areas o f  microporosity. The chemical and mineralogical processes that have 
occurred in the Mormon Mesa soil are evidence that it is not a closed system. In western 
Arizona, strong stage V-VI petrocalcic horizons cap Neogene sediments o f  the Colorado 
River. Geomorphic mapping was used to examine the sediments that record the pre- and 
post-inception o f the river system. Interpretation o f  these sediments and the soils that cap 
them is important for our understanding of the timing o f river incision in the region. The 
w ork detailed in this dissertation is important for the overall understanding of 
geom orphic and climatic factors that affect the development o f  late-stage petrocalcic 
horizons. This research provides the necessary groundwork for future dating applications 
and contributes to our knowledge o f  the physical and chemical processes taking place 
within these unique soils.
IV
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CHAPTER 1
POLYGENETIC DEVELOPMENT OF THE MORMON MESA, NV PETROCALCIC 
HORIZONS: IMPORTANCE FOR FUTURE APPLICATION 
OF ABSOLUTE DATING TECHNIQUES 
Abstract
Pedogenic pisoliths present in the petrocalcic horizons at Mormon Mesa, Nevada 
reflect multiple exposure, erosion, and sedimentation events driven by variations in 
paleoclimate since the early Pliocene. This study sampled and described seven profiles at 
Mormon M esa to determine the soil and geomorphic processes that have influenced the 
pedogenic features in this unique and ancient landform. The Mormon M esa soil profile 
generally consists o f  four petrocalcic soil horizons from the base upward (transitional, 
laminar, m assive, and brecciated) and an additional set o f  horizons that have formed in 
unconsolidated surficial eolian sediments. This study utilized pedogenic features at 
Mormon M esa to  construct a sequence o f  development for the soil profile. Features 
described in the M ormon M esa soil profile include: (a) un-rotated, stage II calcium 
carbonate pendants that weather from the lowermost stage III transitional horizon, (b) 
pisoliths com posed o f  fragments o f petrocalcic material and rotated pendants that have 
pendant lamina extending vertically downward from their undersides in the massive 
horizon, and (c) multiple fragments o f petrocalcic material and pendants w ith multiple 
directions o f  pendant lamina in the brecciated horizon. The transitional horizon formed
1
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after cessation o f  Muddy Creek Fm. deposition and accumulated calcium carbonate to a 
stage II-IV morphology. After a period o f  landform stability, the upper portion o f  the 
transitional horizon was exposed and eroded. Petrocalcic fragments and stage II pendants 
that formed in the transitional horizon were exposed on the surface and later mixed with 
aggrading eolian sediments. The laminar horizon formed after the surface stabilized, 
from the leaching o f  calcium carbonate through the more porous eolian sediments.
Around the time o f laminar horizon formation, calcium carbonate precipitated in the 
eolian sediments on the undersides o f  rotated petrocalcic fragments and rotated pendants 
from the transitional horizon. These fragments were again rotated and mixed in the eolian 
sediments by rooting and bioturbation. Continued calcium carbonate precipitation 
eventually plugged the horizon and ended the formation o f the laminar horizon. After the 
massive horizon became indurated, the upper portion was exposed, fractured, eroded, and 
mixed with aggrading eolian sediments. These brecciated fragments experienced 
erosion/brecciation and cementation with pedogenic calcite multiple times. Paleoclimate 
variations recorded since the Pliocene in the S.W. U.S. could explain the degradation 
events that led to the exposure and erosion o f  the upper portions o f  the transitional and 
massive horizons.
It is important to understand the development o f  the Mormon M esa soil because it can 
provide an understanding o f  the pedogenic and geologic processes that effect the 
development o f  stages V and VI soil horizons. Regionally, Mormon Mesa is important 
because o f  its relationship to the lower Colorado River and its response to regional stream 
incision. This research shows that pisoliths are not useful indicators o f  age; instead they 
are indicators o f  the physical (erosional) processes that have affected the development o f
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
the petrocalcic horizons. This study also provides a relative sequence o f calcium 
carbonate precipitation that can be used for future dating applications. A careful 
evaluation before sample selection o f any petrocalcic horizon should be conducted before 
applying any isotopic dating technique.
Introduction
U-series dating and isotopic techniques are increasingly being applied to terrestrial 
calcium carbonate materials such as pedogenic carbonate, lacustrine limestone, and 
spring deposits (Durand et al., 2007; White, 2006). In order to properly use the resulting 
dates to interpret paleoclimates, geomorphic, and pedogenic events, we must understand 
the genesis and environment o f  their formation. Currently, the genesis and development 
o f individual pedogenic materials and their chemical and physical processes is 
incomplete. Previous research has shown how an incomplete understanding o f  pedogenic 
processes that have occurred in calcium carbonate materials can hinder interpretation o f 
dating results and limit their relevance (Brock and Buck, 2005).
Soils in arid and semiarid regions accumulate pedogenic calcium carbonate from the 
combination o f  Ca ions predominantly from dust, water from rainfall, and CO2 from plant 
respiration (Gile et al., 1966). Soils that develop concurrent with multiple changes in 
climate experience variations in dust influx and precipitation. Calcium carbonate 
precipitation is expected to be low during periods o f  more effective precipitation (glacial 
climates) as less Ca ions are available from dust (Machette, 1985). Decreased dust flux 
occurs because local and regional playas are filled with water and increased vegetation 
cover. Calcium carbonate precipitation can also increase with high Ca influx and
3
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relatively higher rainfall (Machette, 1985); however, rainfall must not be so great as to 
leach the calcium from the soil.
A change in the morphology (structure) occurs as calcium carbonate progressively 
accumulates with time. Six stages o f development characterize these morphologic 
distinctions (Gile et al., 1966; Bachman and Machette, 1977). The first four stages o f 
morphology were formulated by Gile et al. (1966). Stages V and VI were later added by 
Bachman and Machette (1977) to describe soil horizons that have morphologic features 
that express millions o f years o f development. Stage I begins with accumulation o f 
calcium carbonate as filaments in fine-grained sediments and discontinuous carbonate 
coatings on undersides o f  clasts. Stage II exhibits carbonate nodules in fine-grained 
sedimentary materials and carbonate coatings on undersides o f  gravel-sized clasts 
(pendants) in coarse-grained materials. A plugged and indurated horizon forms because 
o f  continued calcium carbonate accumulation that fills pore spaces (stage III). Horizontal 
carbonate laminae (laminar cap) up to 1 cm thick develop above the horizon from the 
plugging o f pore spaces and restriction o f downward water flow (stage IV). Stage V 
morphology is characterized by possible pisoliths and a laminar cap thicker than I cm. 
Stage VI is distinguished by multiple generations o f  lamina, re-cemented brecciated 
fragments, and pisoliths. Soil pisoliths are described by Bachman and Machette (1977) as 
rounded (0.5-10 cm) fragments o f pedogenic carbonate with enveloping concentric 
laminae that m ay also contain interiors o f broken or disrupted laminae. These features are 
interpreted to be the result o f  multiple exposure, erosion, and re-cementation events o f 
the upper portion o f  a petrocalcic horizon (Bachman and Machette, 1977; Machette, 
1985).
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Although pisoliths are used to define stages V and VI petrocalcic horizons in soils all 
over the world and their occurrence is reported, their genesis is rarely discussed.
Pisoliths are identified in soil horizons capping Miocene to Quaternary landfonns in the 
United States (Bachman and Machette, 1977), Australia (Arakel, 1979), Spain (Calvet 
and Julia, 1983), Tanzania (Hay and Reeder, 1978) and India (Dhir et al. 2004). The 
importance o f  their genesis becomes significant with the advent o f  new dating techniques 
that can be applied to Neogene materials (Ku, et ah, 1979; Ludwig and Paces, 2002; 
Candy et ah, 2004, 2005).
The results o f  dating stages V and VI petrocalcic materials may be misinterpreted 
because o f  a poor understanding o f  the timing and development o f  individual features. 
Bulk sampling o f  materials used for dating can be problematic because material from 
multiple events may be analyzed in a single sample. The resulting dates will provide an 
average and may not accurately indicate the age for a single process or event. For 
example, a bulk sample could include calcium carbonate that was precipitated in the 
Pliocene as well as the Holocene. Sampling o f individual features without determining 
relative ages could yield misinterpreted dates. Relative ages can be assessed by 
observing re-incorporated materials or cross cutting- features within the soil horizons 
(Candy et ah, 2004). Chemical processes such as dissolution and reprecipitation o f 
calcite, pressure dissolution o f  silicate minerals, and neo formation o f  fibrous silicate 
clays will also affect absolute ages o f  individual materials within the petrocalcic horizon 
(M onger and Daugherty, 1991; Brock and Buck, 2005; Brock, this volume). These 
processes m ay continue with age and increased morphology o f the horizon. A detailed 
investigation into the physical and chemical development o f  ancient petrocalcic horizon-
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containing soils to identify different mineral phases related to different processes is 
necessary for proper dating.
In the southwestern U.S., remnants o f  ancient (Miocene-Pliocene) geomorphic 
landforms such as the Ogallala Caprock, La M esa surface near Las Cruces, NM, and 
Mormon M esa surface near Mesquite, NV are capped by stage VI petrocalcic horizons 
(Machette, 1985). These landforms record local and regional paleoclimates, and surface 
dynamics related to sedimentary processes and tectonic activities that have occurred over 
the past several million years.
In southern Nevada, the M ormon Mesa soil records important paleoclimate, tectonic 
and sedimentary events for the region. The M ormon Mesa landform caps Miocene- 
Pliocene M uddy Creek Fm. sediments that are interpreted to represent closed basin 
fluvial deposition prior to the interception o f the lower Colorado River system (Kowallis 
and Everett, 1986; Williams, 1996). The petrocalcic horizons at Mormon Mesa 
developed on the final deposits o f  this closed basin system. Deciphering the genesis and 
development o f the M ormon M esa petrocalcic horizons will contribute to our 
understanding o f the geologic and geomorphic events that have shaped this region.
M orm on M esa is also important because the pedogenic features that are present in the 
petrocalcic horizons imply a developmental history o f several million years (Gardner, 
1972a; Bachman and Machette, 1977). Features present in the petrocalcic horizons at 
Mormon M esa, Nevada can be used to evaluate the multiple geomorphic effects that have 
influenced its pedogenic and geomorphic development.
The current study examines the profile development and related pedogenic features 
from 7 profiles containing stages II-VI petrocalcic horizons at Mormon Mesa. This study
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demonstrates that soil pisolith features record significant erosion, degradation, and 
sedimentation events. Despite the complex history they represent, a relative sequence o f 
events was derived. The results o f  this study can aid geochronologists in collecting 
appropriate samples so that they can correctly date this soil and other ancient calcium 
carbonate soils o f  the world.
Geologic Setting and Background
Mormon M esa is located approximately 100 km north o f  Las Vegas, Nevada along the 
1-15 corridor between the towns ofM oapa, Overton, and Mesquite (Figure 1.1). It is a 
flat-topped mesa with a 0-15 degree slope towards the southeast (Soil Survey Staff,
2007). The mesa extends north and south around the Mormon Mountains terminating in a 
point near the Overton arm o f Lake Mead. Mormon Mesa stands approximately 200 m 
above the Virgin River to the east, and Muddy River and Meadow Valley wash to the 
west. The mesa caps sediments o f  the Miocene-Pliocene Muddy Creek Fm.
Intrabasinal fill deposits make up the Muddy Creek Fm. that extends throughout 
portions o f  southern Nevada, southeastern Utah and northwestern Arizona. The formation 
was deposited syntectonically (Hanson et al., 2005) in a closed-basin during mostly arid 
and semi-arid climates o f  the Miocene to early Pliocene (Kowallis and Everett, 1986). 
The M uddy Creek Fm. consists o f  >200 m thick fluvial and eolian siltstones and 
sandstones, channel deposits, lacustrine limestone, and gypsum beds (Kowallis and 
Everett, 1986). Muddy Creek Fm. sediments are typically flat-lying and fine-grained 
(Kowallis and Everett, 1986). Faulted and folded fine-grained sediments are limited in 
their extent and are most prevalent near the town o f  Mesquite. Eolian and alluvial
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sediments are derived from the locally and regionally exposed Jurassic Aztec Fm. 
sandstone that is composed o f  well-rounded eolian quartz sand grains. Lenses and 
channels that contain pebble to gravel sized chert, metamorphic, sandstone, and carbonate 
clasts are also present and reflect local to regional sources. Channel lenses with gravel to 
pebble-sized clasts are more common in the sediments at the Virgin River side o f the 
mesa (Hanson et al., 2005)
Paleosols with stage II calcium carbonate nodules and root casts are present 
throughout the stacked sedimentary units o f  the M uddy Creek Fm. and imply an arid 
environment during its deposition. Paleosols also imply a decrease in the rate o f 
sediment deposition and/or stability o f  sand bars associated with braided stream systems 
(Kraus, 1999). Less developed paleosols contain abundant mud cracks, burrows, and 
weak ped structure. Tracks o f  camels, lizards and other larger animals are also reported 
(Kowallis and Everett, 1986). In addition to calcic paleosols, gypsum and camel tracks 
are also evidence for an arid environment during its deposition.
The age o f  the M uddy Creek Fm. is currently constrained by several interfingering 
basalts and ash beds that are dated at 12-4 Ma (Damon et al., 1978; Schmidt et al., 1996; 
Williams, 1996). A basalt and related ash in the fine-grained sediments o f  the upper 
portion o f  the fomiation near Mesquite were dated using K-Ar at -4 .1  M a (Williams, 
1996). The Virgin R iver’s incision after its capture by the lower Colorado River is 
interpreted to have occurred after - 4  M a based on the fine grained Muddy Creek Fm. 
sediments that overlie these volcanic deposits (Williams, 1996). However, because o f  the 
variable nature o f basin sedimentation, proximity to coarse grained alluvial sources, and 
localized structural activity, it is difficult to say with certainty whether or not the 4 Ma
8
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date pre-or post-dates a through-flowing Virgin River system and the end o f closed-basin 
deposition (Hanson, personal communication, 2007).
Regionally, the end o f M uddy Creek Fm. deposition is interpreted to have occurred 
around 5 M a (Schmidt et al., 1996) coinciding with the establishment o f  the lower 
Colorado River system in the area o f  Lake Mead (Faulds et al., 2002). The formation o f 
the well developed petrocalcic soil horizons that cap the fluvial closed basin sediments o f  
the M uddy Creek Fm. is inferred to have initiated around the time o f  the lower Colorado 
River integration (~5 Ma) in the region (Williams, 1996). The incision o f the Virgin 
River and other tributaries resulted in elevation o f  the Mormon Mesa surface above the 
incised surfaces and resulted in the stabilization o f  the mesa’s surface. This stabilization, 
or lack o f significant fluvial erosion and deposition at the surface, contributed to the 
development o f  the mature petrocalcic horizon that has further protected the mesa from 
erosion.
Active eolian, alluvial, and tectonic processes are evident on the surface o f  Mormon 
Mesa. The surface o f  the mesa is relatively flat with localized uplifted sections along 
northeast-southwest trending faults. Petrocalcic soil horizons are exposed in the uplifted 
portions where erosion has removed unconsolidated surface horizons. Small sand ramps 
and dunes cover the surface o f the mesa and larger, thicker sand ramps abut against the 
sides. These sand ramps are more common adjacent to the southern part o f  the mesa. 
Large alluvial fans spread across the surface and cover the relatively flat stage III-VI soil 
horizons at the junction between the mesa and the M ormon Mountains. Shallow to 
moderately deep washes cut across the mesa running north-south from the Muddy 
M ountains to the Virgin River. The thick petrocalcic horizons that cap the mostly fine
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
grained M uddy Creek Fm. prevent significant erosion and have contributed to the m esa’s 
high elevation above the modem floodplains.
Gardner (1 9 6 8 ,1972a, 1972b) was the first to describe Mormon M esa’s pedogenic 
characteristics. Gardner (1972a) determined a pedogenic genesis for Mormon Mesa by 
examining the geomorphic history o f the region and the mineralogy o f  six profiles near 
Overton and Logandale, Nevada. Gardner (1972a) estimated the age o f  the Mormon 
M esa soil to be between 400 Ka and 2.5 Ma. The minimum age was calculated by using 
modem rates o f  precipitation for the region and estimating the amount o f time it would 
have taken to precipitate the amount o f calcium carbonate that is present in the profile 
today. Gardner (1972a) proposed that the calculated age was too young by an order o f  
three based on local geomoiphic relationships between Colorado River gravels and 
radiometrically dated lava flows, and the assumption that the soil began its formation 
after the deposition o f  through-flowing stream system sediments. Gardner’s (1972a) 
calculation did not account for the variable climates that Mormon Mesa has experienced 
since its formation. A  steady influx o f  ions necessary for the constant precipitation o f  
calcium carbonate would not have occurred because o f fluctuations between glacial and 
interglacial climates since the Pliocene. These fluctuations hinder the calculation o f age 
based on calcium carbonate accumulation alone (Machette, 1985).
The M ormon M esa soil currently has an aridic soil moisture regime (Soil Survey 
Staff, 2006). Climate data from Overton record a mean annual high temperature o f 22°C 
and mean average low o f 10°C. The mean annual precipitation is approximately 11.2 cm 
with the m ajority o f  precipitation occurring in the winter months (Western Regional 
Climate Center, 2007). Vegetation consists o f  white bursage {Ambrosia bumosd).
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yuccas, creosote bush {Larrea tridentate), big galleta {Hilaria rigida), and Indian 
ricegrass {Stipa hymenoides) (Soil Survey Staff, 2007). Small, rounded depressions 
similar to playettes (Rango et al., 2006) are common and occur as linear features across 
the mesa, consistent with the surface expression o f  faults. Grasses are more abundant and 
vegetation such as creosote are typically larger in these depressions because o f  the 
playette’s capability to collect and hold water.
Methodology
Twenty-four soil profiles were described and 7 profiles were sampled (Radio Ridge, 
Logandale, Overton, Jackrabbit, Hell’s Kitchen, Riverside, and Big Bull) along cliff 
edges o f  the Mormon Mesa landform (Figure 1.1). Sampled profile locations were 
selected on the west and east sides o f the mesa to account for possible parent material 
differences related to the older alluvial and fluvial processes o f the Muddy and Virgin 
Rivers. Sampled profile locations were also chosen for their access with all profiles 
sampled near road cuts o ff the mesa except for the Jackrabbit profile where an exposed 
ledge was accessible for sampling.
Petrocalcic horizons were described using the Field Book fo r  Describing and 
Sampling Soils (Schoenberger et al., 2002) with additional descriptions and 
measurements o f  morphological features including pisoliths and laminations. The size, 
shape, nucleus composition, thickness, and position o f soil features were described and 
measured on the weathered surface in outcrop and from 1-2 samples per depth.
Eolian surface materials were characterized by the NRCS USD A (sample site ID: 
89NV003006) (Soil Survey Staff, 2006). In this study, 1 interpreted the NRCS
11
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descriptions for calcium carbonate morphology and characterization o f rock fragments. I 
collected one bulk sample o f  eolian sediments for clay mineralogical analyses from the 
western edge o f  the mesa near the Jackrabbit profile for clay mineralogical analyses.
The goal o f  sample collection at each profile was to obtain representative, 
unweathered materials for each petrocalcic horizon from the surface o f  the profile 
through to the underlying M uddy Creek Fm. Samples were collected using a 30.5 cm 
diameter diamond tipped gas powered saw that extracted 15-20 cm^ blocks o f  petrocalcic 
material. W ater was used during cutting to keep the saw cool. The saw extracted oriented 
samples that were removed from the profile at 0.5-1.0 m depths from the top o f  the 
massive horizon into the upper portion o f  the transitional horizon. Petrocalcic materials 
at the base o f and below the transitional horizon were less dense. These lower density 
samples were removed with the saw and a rock ham mer and placed in plastic bags 
resulting in samples that were not oriented.
Samples were brought to the UNLV Rock Preparation lab. Unoriented samples were 
epoxied with Spurr low viscosity epoxy resin for billet preparation. Block samples were 
cut vertically into 1-2 cm thick slabs with a water saw to view the spatial extent o f 
features throughout the sample and for the selection o f  areas to view with the SEM.
Sample material was selected for section preparation based on presence o f 
macroscopic features and their spatial relationship with other features. Forty-six 5x7.5 
cm, 2 mm thick sections were cut from the slabs and epoxied materials. Samples were 
etched for 10 seconds with 1.5% HCl to better view the spatial relationships between 
calcium carbonate and other minerals.
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Forty-six sections were sputter coated with gold and analyzed with a JEOL JSM-5610 
scanning electron microprobe (SEM) equipped with an Oxford ISIS electron dispersive 
system (EDS) at the UNLV Electron Microanalysis and Imaging Laboratory. Samples 
were viewed at 15 kV with a working distance o f approximately 20 mm in backscatter 
mode to observe differences in chemical compositions between minerals. Images were 
captured and used to count the occurrences o f  minerals and mineral relationships.
Bulk density analyses were performed on 56 samples to compare the densities 
between horizons within individual profiles and with profiles across the mesa. Bulk 
densities were also calculated for comparison with stage VI soils in other regions. Less 
indurated samples were calculated with the clod method (Burt, 2004). Indurated billets 
from the massive horizon were digitally scanned, imported into ArcGIS and pixels (of 
known size) were counted for surface area. Billet dimensions were measured in order to 
determine volum e and then weighed to calculate bulk density.
XRD analyses were conducted on one sample each from the eolian and M uddy Creek 
Fm., and 3 samples each from the Overton and H ell’s Kitchen profiles (1 from the 
massive horizon, and 2 from the transitional horizon). XRD was used to identify clay 
minerals present in the horizons and recognize any mineralogical differences across the 
m esa or between horizons. The clay (<2 pm fraction) from the Overton and H ell’s 
Kitchen profiles, and eolian and Muddy Creek sediments were analyzed with a 
PANalytical X ’PERT Pro X-ray diffraction spectrometer (XRD) in the UNLV XRD/XRF 
Laboratory. 100-200 g o f  crushed samples were pre-treated for carbonate and iron oxide 
removal and remaining materials were fractionated for <2 pm sized particles (Soukup et 
al., in review). The clay fraction was treated with MgCl and KCl, infused with ethylene
13
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glycol, heated first to 350° C then 550° C, and scanned between steps on a glass slide 
with Cu radiation at 2° 9.
Results
The Mormon M esa soil profile generally consists o f  4 petrocalcic soil horizons and an 
additional set o f horizons that formed in the surficial eolian sediments. The petrocalcic 
horizons include (from the base o f the profile up) the transitional, laminar, massive, and 
brecciated (Figures 1.2 and 1.3). The brecciated horizon is commonly mixed with the 
unconsolidated horizons o f  the overlying eolian sediments. The total thickness o f the 
combined petrocalcic horizons measured at the edges o f  the mesa ranges from 175 to 405 
cm (not including eolian cover). The individual horizons are mostly consistent in 
morphology and thickness across the mesa.
Transitional Horizon
The transitional horizon is indurated with calcium carbonate, positioned below the 
massive or laminar horizon (when present), and ranges in thickness from 60-275 cm 
(Figure 1.3). The color o f  the horizon is pinkish white (2.5YR 8/2) and grades to pink 
(7.5YR 7/4) with depth. This horizon has bulk densities ranging between 1.7-2.0 g/cm^ 
that decrease with depth. The lower part o f  the transitional horizon is weakly indurated 
with a stage II morphology and becomes strongly indurated with a stage III morphology 
towards the top. At the base o f the transitional horizon, abundant calcified root casts and 
stage II nodules are common (Figure 1.4). Root casts are both horizontal and vertical and 
have diameters up to 1.5 cm and lengths up to 20-25 cm. Nodules range in size from 0.5- 
5 cm in diameter. Nodules and root traces are white (2.5YR 8/1) in color. The
14
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transitional horizon has a diffuse and irregular boundary with underlying, non-pedogenic. 
M uddy Creek Fm. sediments.
Vertically elongated stage II pendants (1-3 cm in diameter and 1-5 cm in length) 
extend beneath gravel-sized chert clasts (Figure 1.5-1.6). These pendants erode from the 
face o f  the indurated stage III material o f the transitional horizon in the Riverside, 
Jackrabbit, and Radio Ridge profiles. These features were also identified by Gardner 
(1972a) as cone-shaped pendants.
Pedogenic minerals identified with SEM/EDS include calcite, palygorskite, sepiolite, 
and barite. XRD analyses performed on the clay fraction identified calcite, Mg-calcite, 
palygorskite, sepiolite, smectite, illite, and kaolinite (Brock, this volume).
Laminar Horizon
In 5 o f the 7 sampled profiles (Riverside, Hell’s Kitchen, Radio Ridge, Overton, and 
Jackrabbit), horizontal laminae o f  calcium carbonate are present at the boundary between 
the massive and transitional horizons (Figure 1.3). This laminar horizon is 10-35 cm thick 
and has a clear to gradual, wavy boundary with the underlying transitional horizon and an 
abrupt and wavy boundary with the above massive horizon and . Individual laminae are 
1-2 mm thick and range in color from white (7.5YR 8/1) to pale yellow (2.5Y 8/2). The 
laminar horizon is rarely brecciated. When brecciation is observed, broken, discontinuous 
laminae are recemented at various angles. More commonly, vertical to sub-vertical cracks 
penetrate and truncate the laminae. The laminar horizon is relatively more porous than 
the overlying massive horizon and commonly contains large, up to 2 cm diameter voids.
Pedogenic minerals in the laminar horizon, identified with the SEM/EDS, are calcite, 
palygorskite, sepiolite, and barite (Brock, this volume). When viewed with SEM, the
15
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laminar horizon commonly contains ~10 pm  diameter, hollow or calcite filled tubes that 
are similar to fungal hyphae described by Phillips et al., (1987), and Goudie, (1996) 
(Figure 1.7). One sample from the Riverside profile has a green, 2-3 cm long horizontal 
lamina between laminae o f calcium carbonate (Figure 1.8A). Upon examination o f  this 
green material with SEM/EDS, tubular features were observed (Figure 1.8B) that have 
high C peaks and are similar to uncalcified cyanobacteria and fungal hyphae. Goids 
and/or pellets (Hay and Wiggins, 1980) are observed between individual calcium 
carbonate lamina in the Overton and Radio Ridge profiles. These features are ovoid in 
shape, range in diameter from 100-500 pm, and are composed o f concentric laminae o f 
an unidentified non-fibrous silicate clay and calcite, with no apparent nucleus.
Massive Horizon
The stage VI massive horizon is located above the transitional horizon and laminar 
horizon (where present) and is present in all 24 measured profiles (Figure 1.3). The 
thickness o f  the massive horizon ranges from 45 to 165 cm. Calcium carbonate 
extensively plugs the massive horizon and contributes to bulk densities that range from 
2.2-2.8 g/cm^. W ell-rounded eolian quartz grains float in, and weather out o f  the calcium 
carbonate matrix and are easily observed without magnification. The source o f  the well- 
rounded, quartz grains is either eolian sands or M uddy Creek Fm. It is difficult to 
differentiate between post-M uddy Creek eolian sands and Muddy Creek Fm. fine-grained 
parent materials because o f the possible contribution o f  eolian sediments in the formation 
o f  the Muddy Creek deposits. Larger well-rounded clasts (0.5-2.0 cm) cemented in the 
massive horizon are also inherited from Muddy Creek Fm. parent materials. These clasts 
vary from rare to abundant in all o f the massive horizons described, except for the
16
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Logandale profile where they are absent. Clasts are predominantly composed o f  chert but 
carbonate (dolostone, limestone), volcanic, granitic, and sandstone clasts are also present 
but rare. Clasts are slightly larger (up to 3 cm diameter) on the eastern side o f the mesa 
near the Virgin River (H ell’s Kitchen and Riverside profiles) and they are predominantly 
o f chert lithology. These clasts weather from the surface and face o f the massive horizon 
and are com monly observed in areas where brecciated fragments and eolian sediments 
are absent.
Abundant soil pisoliths have diameters that range from 0.2-5.5 cm (Figures 1.9-1.15). 
Pisoliths are present in the massive horizon and have nuclei o f  rounded fragments o f  
petrocalcic material, chert clasts, and chert clasts with rotated pendants. The spherical to 
ovoid fragments o f  petrocalcic material that make up the nuclei contain eolian quartz 
grains cemented with calcium carbonate and range in color from pinkish gray (7.5YR 
7/2) to pink (5 Y R 7/3). The fragments o f petrocalcic material that make up the nuclei o f 
some pisoliths often contain fine gravel-sized clasts. Predominantly these petrocalcic 
fragments are well rounded, however in the Logandale profile, they are angular to 
subangular. In the Radio Ridge, Logandale, and Riverside profiles, the nuclei o f a few 
pisoliths are subangular fragments o f  laminae. In plan view, pisoliths are commonly 
enveloped with multiple, concentric, calcium carbonate laminae (Figure 1.9) that range in 
thickness from (<1-4 mm). These rounded features are similar to soil pisoliths described 
by Bachman and M achette (1977). However, when viewed in cross-section, the nuclei o f 
the pisoliths com monly have pendant laminae extending vertically from their undersides 
(Figures 1.10 and 1.11).
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Pendant laminae that emanate from pisoliths are mostly vertical and are consistent 
with the direction o f gravity. Pendant laminae extend up to 5 cm in length in the 
weathered view and up to 3.5 cm thick in fresh cut. There are two predominant sets o f 
pendant laminae that extend in different directions from the pisoliths observed in this 
study (Figure 1.12). Rarely, more than two sets o f  pendant laminae were observed to 
extend in multiple directions from a single nucleus. From the samples observed, there is 
only one occurrence o f  a pendant feature that had the final set o f  laminae oriented in a 
direction other than vertical downward. Pendant laminae are easily observed because 
their color is darker (7.5YR 7/1 to 5YR 5/2) than the surrounding and encompassing soil 
matrix.
Indurated pedogenic calcium carbonate with well-rounded quartz grains forms a 
cement that separates pisoliths (Figures 1.13 and 1.14A, B). The lighter colored calcium 
carbonate cement is pinkish white (2.5YR 8/2) to pink (5YR 7/3). The calcium carbonate 
cement is typically less indurated than the pisoliths and has a gieater porosity that was 
observed when cutting the samples with the water saw. Commonly at the boundary 
between pisoliths and calcium carbonate cement ,<1-5 mm thick laminae o f  finely 
crystalline calcium carbonate are present (Figures 1.14B).
Vertical cracks commonly extend from the top o f  the massive horizon through to the 
underlying transitional horizon (Figure 1.3). These cracks are up to 12 cm wide, and can 
be completely or partially filled with pink (5YR 8/3) calcium carbonate lamina. Five 
profiles (Riverside, Overton, Jackrabbit, Big Bull, and Radio Ridge) from the 7 sampled 
profiles have open vertical cracks in which fluids can flow through the massive horizon 
into the horizon below. In areas where the brecciated horizon is missing, vertical lamina
18
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are exposed on the surface and often form a meter-scale polygonal pattern similar to large 
desiccation cracks (Bachman and Machette, 1977). When exposed on the surface, 
vertical cracks are host to lichen that appear to preferentially establish themselves in 
these cracks. In addition to the through-cutting vertical cracks, horizontal to sub­
horizontal, parallel to convolute cracks and voids cut through indurated calcium 
carbonate, clasts, and pisoliths and terminate in the massive horizon (Figure 1.14C). At 
the top o f the massive horizons, <1-20 mm wide and 10-15 cm deep cracks taper 
downward and are commonly filled with red (2.5YR 5/6), partially cemented sands and 
silts from overlying eolian materials (Figure 1.15).
Pedogenic minerals identified with SEM/EDS include calcite, palygorskite, sepiolite, 
and barite. XRD analyses identified calcite, Mg-calcite, sepiolite, and palygorskite in the 
clay fraction (Brock, this volume). SEM images show that some samples have radial 
calcite crystals {Microcodiuml) in centers o f  ~70 pm ovoids w ith ~20 pm non-fibrous 
silicate clay coatings. These radial calcite features are found in areas where calcium 
carbonate precipitated between fragments o f  older pedogenic materials (Figures 1.16 and 
1.17).
Brecciated Horizon
Brecciated fragments o f indurated pedogenic calcium carbonate overlie the massive 
horizon at the edges o f  the mesa but commonly are mixed with unconsolidated eolian 
sediments in the center o f  the mesa. These fragments, as well as the overlying 
unconsolidated sediments, are commonly missing at the edges o f  the mesa because o f  
erosion (Figure 1.3). On the edge o f  the mesa where these fragments are present, they 
create a rubble horizon that ranges from 0-80 cm thick (Figure 1.2). Petrocalcic
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fragments range in size from small, rounded (~1 cm diameter) to larger, subangular to 
angular (>30 cm diameter) blocks that commonly have pendant laminae extending from 
their undersides. W hen viewed in cross-section, these blocks are composed o f  rounded to 
angular, gravel-sized pieces o f  smaller and previously formed petrocalcic fragments that 
have multiple, thin to thick (up to 6 cm) pendant laminae that extend in multiple 
directions (Figure 1.18). The fragments o f  the brecciated horizon sit atop the massive 
horizon creating an abm pt and wavy boundary.
Eolian Cover
Thin to thick eolian deposits occur as sheets (Figure 1.19) and small dunes across the 
surface and as sand ramps against faulted segments o f  the mesa. These sediments make 
up an upper unconsolidated set o f  soil horizons that lie uncon form ably on top o f  the 
massive horizon. These materials have soil development that has been described and 
characterized by the Soil Survey Staff (2007).
The Soil Survey Staff (2007) described and classified the soil pedon in the 
unconsolidated eolian sediments and upper portion o f  the massive horizon as a Loamy, 
carbonatic, thermic, shallow Typic Paleorthid (Site ID; 89NV003006). The pedon is 58 
cm thick and has a texture that ranges from fine sandy loam to sandy clay loam and 
contains seven horizons (A l, A2, B w l, Bw2, B k l, Bk2, and 2Bkm). The individual 
horizons range in thickness from 2 to 18 cm. The 8 cm thick Bw2 horizon is described 
by the Soil Survey S taff (2007) to contain many fine soft masses o f  carbonate and a 
stone-line o f  cobble-sized fragments o f undescribed lithologies. I interpret the fine 
masses as stage I-II filaments or nodules o f  calcium carbonate. Fragments o f  the stone 
line are described by Soil Survey Staff (2007) as rounded, 8-12 cm diameter ‘rocks’. I
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interpret the stone line as rounded brecciated pieces o f  petrocalcic fragments that are 
inflated by eolian sediments. Although the lithologies o f the rocks are not described by 
the Soil Survey S taff (2007), they are similar in description to the brecciated fragments 
that are observed above the massive horizon across the mesa where the eolian materials 
are thinner or not present. The 18 cm thick Bk2 horizon is described by Soil Survey Staff 
(2007) to contain ‘nodules’ which are similar in firmness to the 2Bkm hardpan. I 
interpret these ‘nodules’ to be fragments o f  the massive horizon which is identified as the 
2Bkm horizon by Soil Survey Staff (2007). Colors o f  the eolian soil horizons range from 
yellowish red (5YR 4/6) to white (lOYR 8/1) near the contact with the underlying 
massive horizon.
Unconsolidated eolian sediments are composed o f  well-rounded quartz grains that 
provide a matrix between the petrocalcic fragments o f  the brecciated horizon. Fragments 
o f  petrocalcic material commonly mix with or occur as a lag in the eolian sediments 
(Figure 1.20). Eolian sands are easily identified because o f their strong brown (7.5YR 
7/8) color, lack o f induration, and contrast to the whiter brecciated fragments o f 
petrocalcic material.
Minerals that were identified in the upper unconsolidated horizons by the Soil Survey 
S taff (2007) with XRD include calcite, quartz, montmorillonite, chlorite-mica, mica, 
palygorskite, kaolinite, montmorillonite-chlorite, and vermiculite. XRD analyses 
conducted for this study on the clay fraction identified palygorskite, kaolinite, illite, 
smectite, chlorite(?), quartz, and calcite (Brock, this volume).
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Model o f  Soil Development for Mormon Mesa 
The development o f  the Mormon M esa soil profile is interpreted to have occurred as 
follows (Figure 1.21): (1) Cessation o f  deposition o f  fluvial Muddy Creek Fm. sediments 
occurred between 5-4 Ma. (2) Stages II-IV transitional horizon formed during a ‘wetter’ 
middle Pliocene (3.2-2.8 Ma). (3) A transition to a  drier climate at -2 .8  M a decreased 
vegetation across the mesa and exposed the upper portion o f  the transitional horizon to 
erosion. Rounded petrocalcic fragments and stage II soil pendants were inflated by 
subsequent eolian deposition. This was followed by a period o f soil formation probably 
caused by a slight increase in effective precipitation. Rooting and bioturbation mixed the 
broken petrocalcic fragments o f the transitional horizon in with the eolian fine-grained 
materials. (4) A t some locations across the mesa, a thick laminar horizon formed at the 
boundary between the transitional and massive horizon because o f the porous and more 
permeable nature o f the overlying eolian sediments and a possible increase in depth o f 
wetting. (5) Cementation o f  the mixed eolian and petrocalcic fragments began with 
precipitation o f  calcium carbonate on the undersides o f  dispersed petrocalcic fragments 
and rotated pendants. This calcium carbonate precipitation could have occurred 
concurrently with the formation o f the laminar horizon. (6) Increased aridity or 
continued deposition o f  eolian materials at the top o f the profile caused the depth of 
calcium carbonate precipitation to occur at shallower depths, which eventually cemented 
the massive horizon. Cementation o f the massive horizon resulted from -1  Ma o f calcium 
carbonate precipitation combined with long-term stability o f  the landform. (7) The 
variable climates o f  the Pleistocene affected soil stability and exposed the upper portion 
o f  the massive horizon resulting in development o f  petrocalcic fragments. These
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petrocalcic fragments underwent multiple episodes o f brecciation, rotation, and 
recementation between glacial and interglacial cycles. (8) Eolian sands now cover the 
surface o f the mesa and reflect an arid Holocene environment.
Interpretation o f Model
Initial soil formation began with the final or near-final deposition o f  Muddy Creek 
Fm. sediments around 5-4 M a (Williams, 1996) (Figure 1.21 A). The arid or semi-arid 
climate that existed during M uddy Creek Fm. deposition continued during the early 
development o f  the transitional horizon, represented by stage II calcium carbonate 
nodules and root traces. The stage II nodules and root traces at the base o f  the horizon 
grade upward to a weakly then strongly indurated stage III morphology at the top o f  the 
horizon.
The presence o f  a stage III calcium carbonate morphology at the top o f the transitional 
horizon indicates that shallowing o f  calcium carbonate precipitation occurred and the 
landform remained stable for a significant period o f time (Figure 1.2 IB). An increase in 
aridity, and/or renewed sedimentation on the surface from a pulse o f  fluvial or eolian 
sediments could have caused the decrease in depth o f calcium carbonate precipitation. A 
decrease in effective precipitation related to increased aridity could have also contributed 
to the decrease in depth o f  calcium carbonate precipitation. A stage III carbonate 
morphology that developed at the top o f  the horizon indicates that this landscape was 
stable for an extended period o f  time. Based on work conducted in the southwestern U.S. 
on soils that contain stage III horizons, the estimated time o f development for the 
transitional horizon is 0.5-1.0 M a (Machette, 1985).
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A significant erosional event occurred after the formation o f the stage II-III 
transitional horizon (Figure 1.21C). Evidence for this event is the presence o f  rounded to 
subangular petrocalcic fragments and clasts with pendant lamina (stage II pendants) and 
pendants derived from the transitional horizon that are found in the massive horizon. 
These stage II pendants that weather from the transitional horizon (Figures 1.5-1.6) are 
more resistant to weathering than the surrounding pedogenic materials. These features, 
including petrocalcic fragments, are observed to preferentially erode from stage III 
horizons (Gile et al., 1966) and remain at the surface o f  eroded landforms across the 
southwestern U.S. (Buck et al., 2002). All profiles have an abrupt to clear boundary 
between the massive and transitional horizons that indicates a discontinuity between 
these two horizons. Additional evidence for an erosional discontinuity is the presence o f 
intact pendants in their original position in the transitional horizon and rotated pendants 
in the massive horizon.
The lack o f  abundant fragments o f  laminar cap incorporated in the massive horizon 
indicates that development o f the transitional horizon did not exceed a stage III or 
consistent stage IV morphology across the landform. If  the transitional horizon had 
reached a stage IV or greater across the mesa, then abundant angular petrocalcic 
fragments and laminar cap pieces would be incorporated into the massive horizon along 
with pendants. There is evidence that a slightly more indurated horizon developed in the 
area o f  the Logandale, Radio Ridge, and Riverside profiles. The Logandale profile 
contains fragments o f petrocalcic material that are slightly more angular (subangular) 
compared to those in other profiles. There are few pieces o f brecciated laminae that 
comprise the nuclei o f  pisoliths in the Radio Ridge and Riverside profiles and are
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evidence that a  stage IV was reached in these locations. The carbonate morphologies o f 
these profiles suggests localized, pedogenic differences that are consistent with varying 
soil development on channels and bars o f  fluvial, braided systems deposits (Kraus, 1999).
Deposition o f  eolian sediments occurred after or concurrently with the erosion o f  the 
transitional horizon (Buck and Monger, 1999) (Figure 1.2ID). This event resulted in 
mixed eolian sands with stage II pendants, nodules, and petrocalcic fragments from the 
transitional horizon. A loss o f  vegetative cover across the mesa during a transition to a 
more arid climate could cause the severe soil erosion that is observed during or before 
eolian deposition. Fragments o f the underlying transitional horizon that are incorporated 
in the m assive horizon signify inflation o f  the surface from this eolian activity. Evidence 
o f an eolian influence is the abundance o f  well-rounded quartz grains cemented with 
calcium carbonate that occur between older petrocalcic fragments. There is no evidence 
for fluvial reworking o f the eroded fragments. I f  fluvial reworking did occur, 
sedimentary features such as channel lenses and cross bedding should be present.
The relatively porous and permeable character o f  the eolian sediments that contained 
re-worked fragments from the transitional horizon contributed to the formation o f  a thick 
laminar horizon. This horizon is present in the Riverside, H ell’s Kitchen, Radio Ridge, 
Overton and Jackrabbit profiles.
The laminar horizon formed from the leaching o f  calcium carbonate through the 
eolian sediments down to the top o f what remained o f  the underlying stage III transitional 
horizon. Soil fomiation was renewed with re-stabilization o f  the landform (minimal 
erosion and deposition). The laminar horizon formed after erosion o f  the transitional 
horizon and after deposition o f  eolian sediments (Figure 1.2 ID). Brecciation o f  the
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laminar horizon is not observed, yet eroded fragments (pisoliths) o f the lower, non­
laminated transitional horizon are present in the massive horizon. If  the transitional 
horizon exceeded a stage IV (thick laminar calcium carbonate) during its development, 
then significant brecciation o f the laminar horizon and abundant fragments o f laminar 
materials should be preserved in the massive horizon. Evidence for a biological 
contribution to the formation o f the laminar horizon is the presence o f calcified fungal 
hyphae, Microcodium  (Figure 1.7 and 1.8), and pellets that contain Microcodium at their 
centers that are found between laminae. These biological features have been attributed to 
root processes in other studies (Phillips et al., 1987; Goudie, 1996; Wright et al., 1985; 
Kosir, 2004).
During or after the formation o f the laminar horizon, continued eolian deposition 
and/or increased aridity shifted carbonate precipitation to shallower depths (Figure 
1.2 IE). Cementation o f the massive horizon began as pendant laminae on re-incorporated 
petrocalcic fragments (Figures 1.11), and as secondary pendant laminae on pre-existing, 
rotated and re-incorporated pendants (Figure 1.12, 1.14A, and 1.21D, E). Throughout 
this phase o f  calcium carbonate accumulation, mixing o f the massive horizon soil 
materials is interpreted to have occurred by bioturbation. Continued calcium carbonate 
accumulation eventually cemented the massive horizon and ceased formation o f the 
underlying lam inar horizon. The complete plugging o f  the massive horizon with calcium 
carbonate is estimated to have taken ~1 M a because o f  its thickness and high degree o f 
induration.
Bioturbation and rooting mixed the eroded petrocalcic fragments into the deposited 
eolian fine grained materials. A lag deposit that could have been present from the
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erosional event (around 2.8 Ma) (Smith et al., 1993) is not preserved because o f  these 
bioturbation processes. The rare occurrence o f petrocalcic fragments and pendants that 
have more than two pendant directions is attributed to localized physical erosion and/or 
localized rooting and burrowing. In the southwestern U.S., pocket gophers {Thomomys 
sp.) and other bunow ing mammals are known to penetrate and extensively chum soil 
materials (Pierce, 1992). Stage V petrocalcic horizons are penetrated and burrowed by 
prairie dogs {Cynomys ludovicianus) in western Texas and by badgers {Taxidea taxus) in 
other western states (Johnson, 2004). A grassland ecology present in the southwestern 
U.S. until the end o f  the Pliocene (Wang et al., 1993) and during wetter glacial climates 
would have created a habitat for burrowing animals. I f  burrowing occurred after the 
horizon was cemented, large angular blocks with pendants rotated and extending as a 
group in the same direction would be expected. Vertical to sub-vertical cracks filled with 
materials from unconsolidated horizons above are evidence that rooting has continued 
during and after the cementation o f  the massive horizon (Figure 1.15). Rooting o f the top 
portions o f  the massive horizon occurs today and confimis that penetration o f  the highly 
indurated petrocalcic material is possible. Gibbens and Lenz (2001) found that desert 
plants can deeply penetrate calcic and petrocalcic horizons. Microcodium  that is found in 
calcium carbonate cement between fragments o f  older carbonate also links rooting to the 
fragmentation o f  these materials (Figures 1.16 and 1.17) (Goudie, 1996; W right et al., 
1985; Kosir, 2004).
A second, significant erosional event exposed and eroded the upper portion o f the 
massive horizon around the time o f transition into the Pleistocene. This erosional event 
occurred after the horizon was completely indurated with a high bulk density. Petrocalcic
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fragments that comprise the brecciated horizon contain multiple rotated and recemented 
pendants (Figure 1.18). Multiple directions o f pendant laminae that emanate from 
individual brecciated fragments are evidence for multiple fragmentation and re­
cementation events (Figure 1.2IF). Fragmented petrocalcic materials within the 
brecciated blocks are separated by well rounded quartz grains in calcium carbonate 
cement and im ply multiple cycles o f erosion, fragmentation o f  the underlying massive 
horizon, followed by eolian deposition, soil stabilization and carbonate re-cementation. 
At least four significant erosional events may be recorded in the brecciated horizon based 
on the number and directions o f  pendant laminae emanating from fragments. It is 
difficult to obtain a precise number o f  events because the massive horizon, from which 
these pieces were derived, also contains rotated pendants.
The eolian sediments that cover the surface today reflect a dry, Holocene climate. 
Precipitation o f  calcium carbonate occurs in the overlying unconsolidated eolian 
materials as stages I-II morphologies. Calcium carbonate often precipitates as pendants 
underneath the brecciated clasts o f  broken petrocalcic fragments. The ‘stone line’ 
reported in the upper unconsolidated horizons (Soil Survey Staff, 2007) m ay reflect the 
fragments o f  brecciated materials that have not yet experienced bioturbation. These soil 
horizons may also mirror the initial development o f  the massive horizon.
Discussion
Correlation with Regional Paleoclimate Data
Pedogenic features described in the Mormon M esa soil reflect exposure, erosion, and 
sedimentation events driven by climatic changes since the early Pliocene. A  ‘wetter’
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middle-late Pliocene (3.2-2.8 Ma) climate described by Smith et al. (1993) could explain 
the formation o f the stage II horizon at depths around 170 cm in the lower transitional 
horizon (Machette, 1985). This ‘wetter’ climate that spanned -400  Ka during the middle 
Pliocene could account for the development o f  the stage III morphology in the upper 
transitional horizon (Machette, 1985). Relatively higher rates o f  Ca influx and more 
effective precipitation could have contributed to the relatively rapid accumulation o f 
calcium carbonate in the profile (Machette, 1985). However, the influx o f Ca during that 
time is unknown. The -3 .2  Ma date for the initiation o f the transitional horizon is 
appropriate because it fits with the timing o f the estimated final deposition of the Muddy 
Creek Fm. sediments in the area around 5-4 M a (Williams, 1996).
The first significant erosional event that eroded fragments o f the transitional horizon 
could be correlated to the shift from a ‘wetter’ middle-late Pliocene (3.2-2.8 Ma) to a 
‘more arid’ late Pliocene (2.8-2.0 Ma) (Ruddiman and Kutzbach, 1989; Winograd et al., 
1985; Smith et al., 1993; Wakabayashi and Sawyer, 2001). Progression from a wetter to 
drier climate from 3.2-2.8 M a would have caused a shallowing o f calcium carbonate 
deposition in the profile. This increase in aridity towards the 2.8 Ma inflection is 
represented by the gradual increase in calcium carbonate morphology from the bottom to 
the top o f the transitional horizon. An extended period o f  landform stability and sustained 
aridity contributed to the stage III morphology. A critical point was reached when 
vegetation was no longer supported at the surface because o f  increased arid conditions.
A decrease in vegetation across the surface during the change between wet and dry 
climates would have caused a significant erosional event leading to the degradation o f  the 
upper portion o f  the transitional horizon (Figure 1.21C). The rounded to subangular
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fragments o f  petrocalcic material and rotated pendants that are present in the massive 
horizon are evidence o f this erosional event. The abundance o f rotated and re­
incorporated petrocalcic fragments and pendants in the massive horizon is (your noun is 
“abundance” which is singular, therefore the verb has to be singular) evidence that the 
climate was not wet enough for the dissolution o f  the fragments that were exposed at the 
surface. After the significant decrease in vegetation, eolian processes would have 
increased, thus causing both erosion o f the overlying soil horizons, and re-deposition of 
this material (Buck and Monger, 1999). Inflation could have created a lag deposit similar 
to what is observed in the upper consolidated horizons today (Soil Survey Staff, 2007) 
and found in similar environments in southern New Mexico (Buck and Monger, 1999).
Bioturbation o f  the fragments o f  petrocalcic material and pendants that are mixed in 
the eolian sediments would have occurred during a relatively wetter climate. The re­
establishment o f vegetation across the mesa and increased soil development would have 
stabilized the surface and increased rooting and burrowing processes. A grassland 
ecology present in the southwestern U.S. until the end o f  the Pliocene (Wang et al., 1993) 
and during wetter glacial climates, would have created a habitat for burrowing animals.
Cementation o f the massive horizon corresponds to the relatively more arid late 
Pliocene (2.8-2.0 Ma) climate (Smith et al., 1993). If  the climate during this time was 
similar to the Holocene or interglacial climates o f  the Pleistocene, the precipitation o f 
calcium carbonate is expected to have occurred at depths o f  < 50 cm (McFadden, 1988) 
thus suggesting relatively shallow formation for the massive horizon. However, the 
details o f paleoclimate during this time in this region are lacking and leave open 
possibilities o f small scale variations. Additionally, as described earlier, the controlling
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factors for rates o f  calcium carbonate accumulation in arid and semi-arid regions are Ca 
influx and effective precipitation (Machette, 1985, McFadden, 1988). These climate data 
for the Pliocene and Pleistocene are not known for this region. If  Ca influx was high 
during the ‘more arid’ late-Pliocene, then rates o f  calcium carbonate precipitation are 
interpreted to have been relatively high and could have contributed to the formation o f 
the massive horizon. If  the Ca influx was low with higher rainfall, then more leaching 
would be expected and extensive dissolution o f  the incorporated petrocalcic fragments 
would be expected. There is no evidence for extensive dissolution o f petrocalcic 
fragments or other features in the massive horizon. Furthermore, a significant amount o f 
calcium carbonate would have accumulated during the ~1 M a that the massive horizon 
developed thus contributing to its induration.
The transition into the Pleistocene could have driven the formation o f the brecciated 
horizon. This horizon formed from exposure and erosion o f  the upper portion o f  the 
massive horizon combined with eolian deposition. Physical degradation o f the upper 
portion o f  the massive horizon occurred from exposure and erosional processes similar to 
those described for the transitional horizon. After the initial erosion o f  the massive 
horizon, a pulse o f  eolian sedimentation across the mesa with subsequent establishment 
o f  vegetation and soil formation contributed to the mixing o f  the fragments in the eolian 
materials. M ultiple shifts in climate throughout the Pleistocene would have repeated these 
processes allowing for the formation o f compound features o f the brecciated fragments 
(Bretz and Horberg, 1949). These inflections between wetter and drier climates are 
recorded around the region as major aggradational events on piedmont slopes (Sowers et
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al., 1988; Bull, 1999). Rotated fragments with multiple directions o f  pendant laminae 
may be correlated to these climatic events with absolute dating techniques in the future.
Regional Tectonic and Sedimentological Significance
The M oimon M esa surface represents up to 5 Ma o f  relatively no tectonic activity in 
the area. Long periods o f stability are associated with the development o f these late-stage 
morphology soil horizons. I f  significant faulting and folding of the surface had occurred, 
the well developed stage VI horizon across the mesa would be less likely to be preserved 
because o f  increased rates o f  erosion from uplift or tilting. Profile development combined 
with regional geology indicates that the land surface was relatively stable and that 
removal o f  the surface from fluvial processes occurred predominantly from regional 
downcutting related to the Colorado River system with little to no influence o f tectonic 
activities.
Timing o f  the initial downcutting o f the Virgin and M uddy Rivers cannot be 
determined from soil development alone. The lack o f evidence for fluvial activity during 
the erosion o f  the transitional horizon at -2 .8  M a suggests that the m esa surface was 
removed from fluvial processes at that time or before. The erosion o f  the upper portion 
o f  the transitional horizon could correspond to the initial downcutting o f  the tributaries 
rather than climate or a combination o f both. Additionally, soil formation could have 
began as early as 4.1 Ma (Williams, 1999) with the precipitation o f stage II carbonate 
nodules at the base o f  the transitional horizon. Further research is needed to constrain the 
fluvial events that affected the timing o f incision in the area o f Mormon Mesa.
The results o f  this study have shown that Mormon M esa may have been removed from 
geomorphic processes with the abandonment o f  the fluvial system due to incision.
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However, it is important to note that the features at M ormon Mesa illustrate that these 
ancient landforms continue to experience sedimentation and erosion events throughout 
their development even when removed from fluvial processes.
Dating Applications
Absolute dating technique results are meaningless without an understanding o f  the 
environmental processes behind the formation o f  the materials that are dated. A relative 
age sequence that includes a development history should be constructed for the proper 
sampling o f  pedogenic features. Data presented in this study provide the necessary first 
step in the successful application o f  absolute dating techniques to the M omion M esa soil. 
This type o f  data should also be collected for other ancient petrocalcic horizon-containing 
soils that may be selected for these types o f  dating analyses.
The relative ages o f  calcium carbonate features from oldest to youngest in the 
Mormon M esa profile are: (1) Stage II nodules at the base o f  the transitional horizon. (2) 
Pendant lamina under gravels in the transitional horizon and rotated pendant lamina in 
pisoliths o f  the massive horizon. (3) Stage III petrocalcic material in the transitional 
horizon and petrocalcic fragments that are nuclei o f pisoliths in the massive horizon. (4) 
Fragments o f  stage IV laminar pieces in center o f pisoliths in the massive horizon. (5) 
Vertical pendants extending from pisoliths in the massive horizons and/or the laminar 
horizon (oldest lamina at bottom and youngest at top). (6) Calcium carbonate that 
separates pisoliths o f  the massive horizon. (7) Calcium carbonate that cements fragments 
o f  massive horizon that are now present as petrocalcic fragments in the brecciated 
horizon. (8) Stage II nodules in the unconsolidated soil horizons o f  the eolian sediments. 
With the advent o f  new dating techniques to calcium carbonate materials, the above
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sequence o f  development will assist in the proper application o f  any technique that is 
used to date the Mormon Mesa soil. Alternatively, future dating will validate or refute 
the model that I have proposed here.
Although these steps seem straight forward and provide an initial step towards dating 
the Mormon M esa profile, several things should first be considered. First, open cracks 
that cut from the surface o f  the profile through to the transitional horizon provide a 
conduit for water to penetrate and dissolve or precipitate minerals throughout the horizon. 
Second, chemical processes such as dissolution and re-precipitation and neoformation o f 
minerals should be considered (Brock, this volume). There are many processes that 
occur in these complex, ancient soils. Accurate results from dating and isotopic methods 
applied to these soils will benefit from detailed descriptions and investigation into the 
physical and chemical processes that are taking place.
Use o f pisoliths alone as indicators o f  age should be conducted with caution. Pisoliths 
formation at Mormon Mesa occurred because o f  a combination o f  erosion and 
sedimentation events linked to changes in climate over the past several million years. 
However, similar features could develop in younger soils that have reached an indurated 
morphology and have been subject to localized erosion and depositional processes. It is 
very important to evaluate the development of the entire profile and relationships of 
features between individual horizons.
Conclusions
A record o f  pedogenic and geomorphic responses to multiple climate changes since 
the early-Pliocene is preserved in the arrangement o f  horizons and soil pisoliths in the
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M ormon M esa profile. This study interprets the development o f  the Mormon Mesa soil 
profile to have occurred as follows (Figure 1.21): (1) Cessation o f  deposition o f  fluvial 
M uddy Creek Fm. sediments between 5-4 Ma, at which time pedogenesis began. (2) The 
formation o f  the stages II-IV transitional horizon occurred during a ‘wetter’ middle 
Pliocene (3.2-2.S Ma). (3) A transition to a drier climate at -2 .8  Ma decreased vegetation 
across the mesa and exposed the upper portion o f  the transitional horizon to erosion. 
Rounded petrocalcic fragments and stage II soil pendants were eroded, and mixed with 
subsequent eolian fine-grained sediments. M ixing o f  transitional horizon fragments 
throughout the eolian materials occurred by rooting and bioturbation concurrent with soil 
stabilization and formation. (4) At some locations across the mesa, a thick laminar 
horizon formed at the boundary between the transitional and massive horizon because o f 
the porous and more permeable nature o f  the eolian sediments, increased depth o f  
wetting, and/or because these areas had a thinner cover o f  eolian materials. This laminar 
horizon represents calcium carbonate accumulation caused by a decrease in permeability 
at the top o f  the stage III transitional horizon. (5) Cementation o f  the mixed eolian 
deposits and petrocalcic fragments began with precipitation o f  calcium carbonate on the 
undersides o f dispersed petrocalcic fragments and rotated pendants. This calcium 
carbonate precipitation probably occurred either after or coincided with formation o f  the 
laminar horizon. (6) Increased aridity or increased thickness o f eolian materials at the top 
o f  the profile caused the depth o f  calcium carbonate precipitation to rise to a shallower 
level and cement the massive horizon. Cementation o f  the massive horizon resulted from 
-1  M a o f  calcium carbonate precipitation combined with long-term stability o f  the 
landform. (7) Pleistocene climate variations are reflected in the rotated pendants o f  the
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brecciated horizon. These petrocalcic materials are derived from the massive horizon and 
underwent multiple episodes o f brecciation, erosion, rotation, and recementation. (8) The 
eolian sediments that cover the surface today reflect a dry, Holocene climate.
Soil profile development and geomorphology of the surface indicate that little tectonic 
activity has taken place. The pedogenic features at Mormon Mesa imply that these 
elevated, ancient landforms are still subject to geomorphic processes even when removed 
from fluvial activity.
Pisoliths should not be used as an indicator o f age. Pisoliths at Mormon Mesa were 
formed from extensive erosional events with subsequent deposition o f  material at the 
surface. Similar results could be obtained for stage III petrocalcic horizons under the 
same conditions due to localized tectonic and/or other erosional processes. These soils 
will have pisoliths that reflect the erosional events rather than the extended duration of 
formation and calcium carbonate precipitation that is expected with ancient (stages V and 
VI) calcium carbonate soils (Bachman and Machette, 1977).
Physical features in petrocalcic horizons record soil and geomorphic processes and 
must be studied prior to iso topic dating. A reconstruction o f  the development of the 
profile is critical for the proper sampling o f  dating materials. A model for the relative 
timing o f  development o f  the Mormon Mesa soil can now be used to apply absolute 
dating techniques. More precise dates for the development o f  the Mormon Mesa soil will 
contribute to our understanding o f  the geomorphic, tectonic, and climatic processes that 
have affected this region.
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Figure 1.1. Landsat TM (converted to gray scale) image of study area showing 
sampled profiles labeled with white circles and key geographic locations.
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Figure 1.2. Typical profile at the surface o f  the M ormon M esa landform with Virgin River 
in background. Photo taken looking south towards the Overton arm o f  Lake Mead. (B) 
M ixed brecciated and eolian horizon, (M) massive horizon, (T) transitional horizon, (M C) 
M uddy Creek Fm. Laminar horizon is absent at this location. For scale, author is -1 6 0  
cm tall.
I
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Figure 1.3. Photo o f  Radio Ridge profile with (M ) massive, (L) laminar, and (T) 
transitional horizons. Lam inar horizon is outlined with broken black lines. The mixed 
brecciated and eolian horizon is absent at this location. White arrows point to open 
vertical cracks that extend through the massive horizon. Black bar is 10 cm.
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Figure 1.4. Lower part of transitional horizon of Hell’s Kitchen profile showing root 
casts and large nodules at base of transitional horizon with Muddy Creek Fm. below.
a
Figure 1.5. Vertically elongated pendants and nodules in the transitional horizon o f the 
Riverside profile. Chert gravels commonly weather from the top centers of the pendants.
Figure 1.6. Elongated nodules that were extracted from the transitional horizon.
Nodules have shapes and sizes similar to stage II pendants. Notice gravel (G) in center of 
the pendant on the left (from the Riverside profile).
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Figure 1.7. Calcified fungal hyphae in the laminar zone of the Riverside profile 130 cm 
depth.
Figure 1.8. (A) Thick section showing sample from laminar zone tliat has green material 
on the underside. Black box is area shown in image B. Section is -5x7.5 cm. (B) SEM 
backscatter image o f fungal hyphae and cyanobacteria (arrows). From the Riverside 
profile 130 cm depth.
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Figure 1.9. Pisoliths in plan view near the Overton profile. When viewed from above, 
many pisoliths contain rounded fragments of pedogenic calcium carbonate (Pf) and 
gravels (G) in their centers with enveloping concentric lamina (Cl). White dashed line 
represents boundary between nucleus and concentric lamina.
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Figure 1.10. Weathered face of massive horizon near Overton profile. Pendant forms 
preferentially eroding from the massive horizon with a few having gravel at their top 
centers (G).
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Figure 1.11. Pisoliths viewed on the face o f the weathered Hell’s Kitchen profile. Notice 
gravel (G) and rounded petrocalcic fragments (Pf) outlined with white dashed lines. These 
materials act as hosts to pendant lamina (PI). Black bar is 1 cm.
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Figure 1.12. Pisoliths in weathered profile view near Overton profile showing two 
directions o f pendant laminae illustrated by white arrows. Top o f image is up.
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Figure 1.13. Weathered profile view at Logandale profile showing (P) pisoliths 
separated by less indurated sediments (black arrows). Older portions and fragments of 
petrocalcic horizon are outlined with white broken lines.
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Figure 1.14. Vertical slabs of massive horizon 
from: (A) Riverside profile 200 cm depth. 
White arrows point to lighter colored, (less 
indurated) calcium carbonate between 
pisoliths with vertical pendant laminae (black 
arrows). (B)Riverside profile 300 cm depth. 
White arrows point to lighter colored (less 
indurated) calcium carbonate between 
pisoliths with vertical pendant lamina (black 
arrows). Thin lamina at boundary between 
lighter (less indurated), and darker (more 
indurated) are outlined with broken black line. 
(C) Logandale profile 20 cm depth. Black 
arrows point to direction of pendant lamina. 
Notice sub-vertical crack extending through 
sample. In all images, top is up.
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Figure 1.15. Cut vertical slab with elongated pisoliths, gravels, and diagonal laminae 
partially filling root trace. Root trace (R) is also partially filled with red, unconsolidated 
eolian sediments from above. Chert gravels (G) and petrocalcic fragments (Pf) are centers 
of pendant lamina illustrated with black arrows. From Hell’s Kitchen profile 5 cm depth.
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Figure 1.16. SEM backscatter image showing older rounded fragments of pedogenic 
calcium carbonate (Pf) separated by newer calcium carbonate (Nc) that contains clay 
coated grains. White box outlines area in shown in Figure 1.17.
Figure 1.17. SEM backscatter image of area within white box of Figure 1.16 showing 
contact between older fragments o f pedogenic calcium carbonate (Pf) and 
newer material (Nc) with radial calcite (Microcodium) (white arrows).
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Figure 1.18. Vertical sections of brecciated fragments. Ail slabs are oriented top up as 
found. Note the development of modem pendant lamina on some of the fragments. 
White arrows point in direction of pendant lamina. White bars are 1 cm in length.
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Figure 1.19. Eolian sand sheets covering the surface near center of mesa. Rounded to 
angular fragments of petrocalcic material are scattered on the surface. Picture is taken 
looking north.
Figure 1.20. Edge of the mesa near Hell’s Kitchen profile showing (M) massive horizon, 
(B) brecciated fragments o f petrocalcic material, and (E) eolian sediments with white 
petrocalcic fragments (white arrows) dispersed throughout the eolian sands. The material 
above the massive horizon is approximately 0.5 m thick.
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Figure 1.21. Model o f development for the Mormon Mesa profile with implied chronology (arrows).
CHAPTER 2
MINERALOGY AND MICROM ORPHOLOGY OF PETROCALCIC HORIZONS 
AT M ORM ON MESA, NEVADA: IMPLICATIONS FOR GENESIS 
AND SOIL W ATER MOVEMENT 
Abstract
Chemical and mineralogical changes that occur in petrocalcic horizons can affect the 
overall mineralogy and hydraulic properties o f  these highly indurated horizons. This 
study described and sampled 7 profiles at M ormon Mesa, Nevada to characterize the 
chemical processes and mineralogical formations. Scanning electron microscopy and x- 
ray diffraction showed that a significant amount o f  palygorskite and sepiolite clays occur 
in the petrocalcic horizons. Pedogenic barite is observed to consistently occur in areas o f  
microporosity such as linear voids, circular pores, and within micropores between 
palygorskite and sepiolite fibers. Electrical conductivity analyses record a trend of 
increasing values from the top to the base o f  the profile. ICP-MS analyses record a 
general increase in water soluble ions with depth and variable Ba^^ concentrations 
throughout the horizons. The following pedogenic processes are interpreted to have 
produced these observed minerals and textures in the Mormon Mesa soil: (i) Calcite 
precipitation resulted in induration, which created an environment conducive to the 
dissolution o f  incorporated detrital grains, (ii) Palygorskite and sepiolite formed in the 
horizons from Si'*'*', Mg^ "*^ , and/or Al^’*’ produced by primary grain dissolution, (iii) Eolian
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deposition during drier, more arid climates provided additional salt ions that include Ba^^ 
and S0 4 '^. (iv) Small barite crystals precipitated in areas o f  increased microporosity 
(voids, cracks, and between fibers o f  clay). Pedogenic barite acted as a tracer o f soil 
water movement through the highly indurated horizons. The chemical and mineralogical 
data provide evidence that these indurated materials are not closed systems but were 
produced by dynamic processes, and absolute dating should be conducted with caution.
Introduction and Background 
Arid and semi-arid regions cover approximately 36% o f the Earth’s surface (Buol et 
al., 1997). These regions have grown in importance for several reasons: (i) Increased 
urbanization and sprawl caused by significant increases in population have amplified 
construction o f  industrial parks, businesses, and homes on alluvial fans and piedmont 
surfaces. Flood hazards in these areas must be evaluated and assessed appropriately 
(House, 2005). (ii) M any arid agricultural lands are experiencing desertification resulting 
in increased irrigation practices (Dregne, 1977). (iii) Wars and conflicts are being fought 
in these regions creating challenges for weapon materials and chemical contaminant 
removal issues (Buck et al., 2004a). (vi) The transportation o f nuclear and other wastes 
through arid and semi-arid lands has increased the need for understanding how 
contaminants behave in these environments in case o f spills or accidents (Souleyrette et 
al., 1991). (v) Recent interests in the release and sequestration o f  atmospheric CO2 have 
stimulated investigations into arid soils as possible sources or sinks for these gasses 
(Sema-Pérez et al., 2006). (vi) Soils o f  arid and semi arid regions contain information 
about paleoclimate, fluvial system dynamics, and depositional/erosional events that have
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influenced the development o f ancient geomorphic landforms (Gile et al., 1981;
Machette, 1985; Azanôn et al., 2006; Brock, this volume), (vii) Arid and semi-arid 
region soils that contain significant accumulations o f calcium carbonate have become the 
focus o f geochronological studies to determine the timing o f pédologie processes (Ku et 
al., 1979; Candy et al., 2004; 2005; Maher et al., 2006).
Calcium carbonate accumulates in soils o f  arid and semiarid regions. With time, this 
accumulation results in marked changes in the morphology or structure o f the horizon. 
These varying morphologies are classified in order o f  development from stages 1 to VI 
(Gile et al., 1966; Bachman and Machette, 1977). The accumulating calcium carbonate 
initially forms stage I filaments in fine-grained soils, or coatings on the undersides o f 
clasts in coarse textured soils (Gile et al., 1966). With time and continued carbonate 
accumulation, calcium carbonate fills all available pore spaces between grains and pushes 
the grains apart creating an indurated or plugged horizon (stage III) (Gile et al., 1966). A 
mature soil horizon that has a stage VI morphology is characterized by pisoliths and 
brecciated features that are interpreted to develop from multiple erosional events and 
subsequent re-cementation (Bachman and Machette, 1977; Brock, this volume).
The genesis o f  stage VI petrocalcic horizons is important to understand because these 
materials are being used for absolute dating techniques. U-series dating and isotopic 
techniques are increasingly being applied to terrestrial calcium carbonate materials such 
as pedogenic carbonate, lacustrine limestone, and spring deposits (Durand et al., 2007; 
White, 2006). In order to properly use the resulting dates to interpret paleoclimates, 
geomorphic, and pedogenic events, we must understand the genesis and environment o f 
their formation and the relative time o f formation o f  the various minerals and horizons
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within the soil profiles. Although their geologic and geomorphic importance is growing, 
information regarding the development o f individual petrocalcic horizons and their 
chemical and physical processes is incomplete. Soil water movement transports ions that 
change the chemistry and mineralogy o f  these horizons. However, the movement o f  soil 
water within these highly indurated materials is poorly understood.
Little is known about how the hydraulic conductivities o f  these indurated soils are 
related to their genesis and morphologic development. The hydraulic properties o f 
petrocalcic horizons are difficult to measure because o f  the degree o f  induration and 
associated high bulk densities (Cooley et al., 1975; Hennessy et al., 1983; Nkalai and 
Zartman, 1985). Petrocalcic horizons that have been investigated for their hydrologie 
properties in the southwestern U.S. have bulk densities that range from 1.44 g/cm^ 
(Baumhardt and Lascano, 1993) to 2.26 g/cm^ (Duniway et al., 2007). Gardner (1972) 
recorded a mean bulk density o f ~2.6 g/cm^ for the middle-late Pliocene M ormon Mesa 
petrocalcic horizon. The Miocene, Ogallala caprock o f  the high plains has mean bulk 
densities o f  -2 .4  g/cm^ (Machette, 1985). These dense accumulations o f  calcium 
carbonate can dramatically decrease permeability and porosity o f  the soil (Gile, 1961; 
Gile et al., 1966; M cFadden et al., 1991; Baumhardt and Lascano, 1993). Decreased 
permeability o f  the soil will affect water runoff and erosion rates, vegetation, and 
groundwater recharge, yet there is evidence that these horizons can hold w ater that is 
available to plants (Duniway et al., 2007). The movement o f  soil water throughout 
petrocalcic horizons can influence and in turn be influenced by the chemical and 
mineralogical processes that occur in these highly indurated horizons.
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Chemical and mineralogical changes that will impact the dating o f  petrocalcic 
materials include the dissolution o f  incorporated detrital grains and neo formation o f 
minerals such as palygorskite and sepiolite (Hay and Wiggins, 1980; Watts, 1980; Allen, 
1985; M onger and Daugherty, 1991; Wang et al., 1994; Birkeland, 1999). Pedogenic 
materials such as calcite or silica used for dating could have been modified by recent 
mineral precipitation events rather than initial formation. A thorough micromorphological 
investigation o f  the materials to be dated is important in order to generate reliable results. 
Previous research has shown how an incomplete understanding o f pedogenic processes 
can hinder interpretation o f dating results and limit their relevance (Brock and Buck, 
2005).
I conducted this study in order to understand the chemical processes and mineralogical 
formations that occur in the Mormon Mesa petrocalcic horizons. Recognition and 
identification o f  the processes that are taking place within these highly indurated horizons 
will result in a better understanding o f  the soil w ater dynamics of one o f  the world’s 
oldest petrocalcic-containing landforms (Machette, 1985; Brock, this volume). The 
results o f  this study can be used to appropriately sample materials for absolute dating 
techniques. Additionally, by understanding the chemical and physical processes o f  late- 
stage petrocalcic horizon formation at Mormon Mesa, geologists and soil scientists can 
apply this information to other highly indurated soils in the world. An understanding of 
the development and pedogenic processes that have formed these soils may help to 
answer important geologic and geomorphic information for their regions and the 
paleoclimates that have influenced their development.
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Geologic Setting and Previous Work
M ormon Mesa is located approximately 100 km north o f  Las Vegas, Nevada along the
1-15 corridor between the towns o f Moapa, Overton, and M esquite (Fig. 2.1). It is a flat- 
topped mesa with a 0-15 degree slope towards the southeast (Soil Survey Staff, 2007). 
The mesa extends north and south around the Mormon M ountains terminating in a point 
near the Overton arm o f Lake Mead. At the surface o f the mesa, a stage VI petrocalcic 
horizon caps deposits o f  the Muddy Creek Fm. and protects these fine grained sediments 
from rapid erosion. Incision o f  the Virgin River, M uddy River, and Meadow Valley 
Wash resulted in the abandonment o f  the mesa abandoned the m esa approximately 200 m 
above the current floodplains. These stream systems are connected to the Colorado River 
at the Overton arm o f  Lake Mead, and as tributaries have responded to the river’s 
incision. Subsequent downcutting o f  the Colorado River since 5.6-4.2 Ma (Faulds et al., 
2002; House et al., 2002) combined with the resistance o f  the petrocalcic horizon has 
resulted in remnants o f  the flat mesa standing high above the modem floodplains.
Previous research at M ormon Mesa determined the pedogenic origin (Gardner, 1972) 
and characterized the general chemical and mineralogical trends (Gardner, 1972; 
Bachman and M achette, 1977; Machette, 1985; Soil Survey Staff, 2007). Soil formation 
is interpreted to have started sometime after 5.6-4.2 M a (Machette, 1985; Williams, 1996; 
Faulds et al., 2002; House et al., 2002; Brock, this volume) as petrocalcic horizons began 
to develop on the final sediments o f the M iocene-Pliocene M uddy Creek Fm (Williams, 
1996; Brock, this volume) around 5.0 Ma (Schmidt et al., 1996) coinciding with the 
establishment o f  the lower Colorado River system in the Lake Mead area (Faulds et al., 
2002).
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Arid to semi-arid climates have persisted throughout the M iocene and Pliocene in this 
region (Kowallis and Everett, 1986; Thompson et al., 1991; Smith et al., 1993). Calcium 
carbonate paleosols, tracks o f  camels, lizards and other larger animals are evidence o f  an 
arid to semi-arid climate during the deposition o f  the M uddy Creek Fm. through the 
Miocene (Kowallis and Everett, 1986). W ang et al. (1993) reported a grassland 
ecosystem for the region until ~1.8 Ma. The reported grassland ecosystem implies that it 
was arid but wet enough to support the grasses and habitats for organisms o f  these 
ecosystems. Multiple variations in arid and semi-arid climates from the early-Pliocene to 
present have contributed to a complex set o f  soil horizons at M ormon M esa (Ruddiman 
and Kutzback, 1989; Winograd et al., 1985; Smith et al., 1993; W akabayashi and Sawyer, 
2001; Brock, this volume).
The Mormon Mesa soil currently has an aridic soil moisture regime (Soil Survey 
Staff, 2006). Climate data from Overton record mean annual low and high temperatures 
o f  10° and 22°C. The mean annual precipitation is approximately 11.2 cm with the 
majority o f  precipitation occurring in the winter months (Western Regional Climate 
Center, 2007). Vegetation consists o f white bursage {Ambrosia bumosa), yuccas, 
creosote bush (Larrea tridentate), big galleta {Hilaria rigida), and Indian ricegrass {Stipa 
hymenoides) (Soil Survey Staff, 2007). Small, rounded depressions similar to playettes 
(Rango et al., 2006) are common and occur as linear features across the mesa, consistent 
with the surface expression o f  possible faults. Grasses are more abundant and vegetation 
such as creosote is typically greater in these depressions because o f  the playette’s 
capability to collect and hold water.
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Active eolian, alluvial, and fluvial processes are evident on the surface o f  Mormon 
Mesa. Small sand ramps and dunes cover the surface o f the mesa and larger, thicker sand 
ramps abut against the sides. These sand ramps are more common at the southernmost 
area o f  the mesa. Large alluvial fans spread across the surface and cover the relatively 
flat stages II-VI soil horizons at the junction between the mesa and the Mormon 
Mountains. Shallow to moderately deep washes cut across the surface o f  the mesa 
running north-south from the M uddy Mountains to the Virgin River. At the edges o f the 
mesa near the M uddy and Virgin Rivers, steep cliffs expose the petrocalcic soil horizons 
and underlying Muddy Creek Fm. sediments.
The M ormon Mesa profile includes three to four petrocalcic horizons (Fig. 2.2) and an 
upper unconsolidated set o f  horizons which include from the base o f the profile up: (i) a 
lowermost 60-275 cm thick transitional horizon with a stage II-III morphology, (ii) a 10- 
35 cm thick laminar horizon which is present only in the Riverside, H ell’s Kitchen, Radio 
Ridge, Overton, and Jackrabbit profiles, (iii) a massive 45-165 cm thick stage VI 
petrocalcic horizon, (iv) a 0-80 cm thick brecciated horizon that consists o f  rubble 
fragments o f  petrocalcic material, and (v) a set o f  7 soil horizons (A l, A2, B w l, Bw2, 
B k l, Bk2, and 2Bkm) (Soil Survey Staff, 2007) that formed above the massive horizon in 
eolian sediments and are commonly mixed with underlying fragments o f  the brecciated 
horizon.
Brock (this volume) interpreted the development o f the Mormon M esa soil profile to 
have occurred as follows: (1) Deposition o f  fluvial Muddy Creek Fm. sediments ceased 
between 5-4 Ma. (2) Formation o f the stages II-III and incipient stage IV transitional 
horizon occurred during a ‘w etter’ middle Pliocene (3.2-2.8 Ma). (3) Transition to a drier
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climate at -2 .8  M a with decreased vegetation across the mesa exposed the upper portion 
o f  the transitional horizon to erosion. Rounded petrocalcic fragments and stage II soil 
pendants attached to clasts were too large to be removed and accumulated at the surface. 
Subsequent eolian deposition followed by soil stability and extensive rooting and 
bioturbation thoroughly mixed these coarser fragments with the fine-grained eolian 
sediment. (4) At some locations across the mesa, a thick laminar horizon formed at the 
boundary between the transitional and massive horizon because o f  the porous and more 
permeable nature o f  the overlying eolian sediments and less permeable underlying 
horizon. The depth o f  wetting was deep enough to precipitate calcite at the boundary 
between the transitional horizon and eolian sediments. (5) As soil formation continued, 
pedogenic carbonate precipitated on the undersides o f  the dispersed petrocalcic fragments 
and the clasts that contained a previous generation o f pendants. These pendants were 
rotated in numerous directions by erosion and later bioturbation. The new generation o f  
pendant formation m ay have occurred at or around the time of the formation o f  the 
laminar horizon. Periods o f  increased effective precipitation transported soluble calcium 
carbonate to greater depths, thus increasing the thickness o f the laminar horizon. In 
contrast, periods o f  decreased effective precipitation before or after the formation o f  the 
laminar horizon resulted in more shallow accumulation o f  carbonate as pendant 
underneath the petrocalcic fragments and rotated pendants. (6) Later, increased aridity or 
an increase in the thickness o f eolian materials at the top o f the profile decreased the 
depth o f  calcium carbonate precipitation causing cementation o f  the massive horizon. 
Cementation o f  the massive horizon resulted from ~1 million years o f  calcium carbonate 
precipitation in response to the long-term stability o f  the land form. Plugging o f  the
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massive horizon with calcium carbonate eventually stopped the formation o f  the laminar 
horizon. (7) Next, erosion o f the upper portion o f  the massive horizon fragmented the 
petrocalcic materials and exposed them on the surface. Petrocalcic materials derived from 
the massive horizon underwent multiple episodes o f  brecciation, rotation, new eolian 
deposition, soil formation, and recementation. Multiple, rotated pendants that have been 
re-cemented at various angles represent Pleistocene climates and repeated soil formation 
(cementation) and exposure (brecciation) o f the brecciated horizon. (8) The eolian 
sediments that cover the surface today reflect a dry, Holocene climate.
This study compliments Brock’s (this volume) study as a key first step in 
understanding the complete set o f processes that are occurring in Mormon Mesa and in 
other ancient soils. This study applies micromorphic and chemical analyses to examine 
the mineralogical and chemical processes that have influenced the development o f  this 
highly indurated soil. Future absolute dating, paleoclimate interpretations, and 
interpretations o f  regional pedogenic and geologic processes will benefit from identifying 
and understanding the complete set o f  processes that occur in these unique soils.
M ethodology
Twenty-four soil profiles were examined and described and 7 o f these profiles were 
sampled (Radio Ridge, Logandale, Overton, Jackrabbit, Hell’s Kitchen, Riverside, and 
Big Bull) along cliff edges o f  the Mormon Mesa landform. Sampled profile locations 
were selected on the west and east sides o f  the mesa to account for possible parent 
material differences related to the older alluvial and fluvial processes o f  the Muddy and 
Virgin Rivers (Fig. 2.1). Sampled profile locations were also chosen for their access with
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all profiles sampled near road cuts o ff the mesa except for the Jackrabbit profile that had 
a ledge.
Petrocalcic horizons were described in the field using the Field Book fo r  Describing  
and Sampling Soils (Schoenberger et al., 2002) with additional descriptions and 
measurements o f  morphological features including pisoliths and laminations. The size, 
shape, nucleus composition, thickness, and position o f  soil features were described and 
measured on the weathered surface in outcrop and from 1-2 samples per depth. The 
features were more distinct and easily observed on the weathered surface.
Eolian surface materials were characterized by the NRCS USDA (sample site ID: 
89NV003006) (Soil Survey Staff, 2007). This study interpreted the NRCS descriptions 
for calcium carbonate morphology and characterization o f  rock fragments. 1 collected 
one bulk sample o f  eolian sediments for clay mineralogical and chemical analyses from 
the western edge o f  the m esa near the Jackrabbit profile for clay mineralogical analyses.
The goal o f  sample collection at each profile was to obtain representative, 
unweathered materials for each petrocalcic horizon from the top o f  the profile through to 
the underlying M uddy Creek Fm. Samples were collected using a 30.5 cm diameter 
diamond-tipped gas-powered saw that extracted 15-20 cm^ blocks o f  petrocalcic material. 
The saw extracted oriented samples that were removed from the profile at 0.5-1.0 m 
depths from the top o f the massive horizon into the upper portion o f  the transitional 
horizon. Petrocalcic materials at the base o f  and below the transitional horizon were less- 
indurated and removed with the saw and a rock hammer and placed in plastic bags 
resulting in un-oriented samples.
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Samples were brought to the UNLV Rock Preparation lab. Un-oriented samples were 
epoxied with Spurr low viscosity epoxy resin for billet preparation. Block samples were 
cut vertically into 1-2 cm thick slabs with a water saw to view the spatial extent o f 
features throughout the sample and for the selection o f  areas to view with the scanning 
electron microscope (SEM).
Sample material was selected for section preparation based on presence o f 
macroscopic features such as pisoliths and lamina and their spatial relationship with other 
features. Forty-six 5x7.5 cm, 2 mm thick sections were cut from the slabs and epoxied 
materials. All sections were etched for 10 seconds with 1.5% HCl to better view the 
spatial relationships between calcium carbonate and other minerals.
A SEM was used to observe the mineralogy and mineral relationships in the 
individual petrocalcic horizons. The 46 sections were sputter coated with gold and 
analyzed with a JEOL JSM-5610 SEM equipped with an Oxford ISIS electron dispersive 
system (EDS) at the UNLV Electron Microanalysis and Imaging Laboratory. Samples 
were viewed at 15 kV with a working distance o f  approximately 20 mm in backscatter 
mode to observe differences in chemical compositions between minerals. One hundred 
and thirty one images (110 from the massive horizon and 21 from the transitional 
horizon) were captured and used to count the occurrences o f  minerals and mineral 
relationships.
Bulk density analyses were performed on 56 samples to compare the densities 
between horizons within individual profiles and within profiles across the mesa. Bulk 
densities were also calculated for comparison with stage VI soils in other regions. Bulk 
densities for 26 less indurated samples were calculated with the clod method (Burt,
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2004). Indurated billets from the massive horizon were digitally scanned, imported into 
ArcGIS and pixels (o f known size) were counted for surface area. Billet thickness was 
measured for volume and then weighed to calculate bulk density.
One sample o f m odem  eolian sediment, one sample o f fine-grained Muddy Creek 
sediment, and three petrocalcic samples each from the Overton and Hell’s Kitchen 
profiles were analyzed for pH, electrical conductivity (EC) and with inductively coupled 
plasm a mass spectrometry (ICP-MS) for total elemental and water soluble elements at the 
Utah State Soil Analytical Lab (USUAL) (Gavlak et al., 1994). Two profiles were 
selected as a sub-set for their locations on opposite sides o f  the mesa in order to observe 
any differences in the chemistry across the mesa. One sample from the massive horizon 
and two samples from the transitional horizon from each profile were crushed to a 
powder in the UNLV Rock Preparation Lab. pH was determined on a 1:1 soil paste and 
the water was extracted with a vacuum for EC analyses in the UNLV Soil Laboratory. 
Extracted water from the paste was sent to USUAL for analysis o f  water soluble 
elements. Total elemental analyses were conducted on the powdered samples to obtain 
the concentration o f  Ba '^*’ values between soil horizons and parent materials.
X-ray diffraction (XRD) analyses were conducted on the <2 pm fraction to identify 
clay minerals present in the horizons and recognize any mineralogical differences across 
the mesa or between horizons. XRD analyses were conducted on 1 sample each from the 
m odem eolian sediment and fine grained Muddy Creek Fm., and 3 samples each from the 
Overton and H ell’s Kitchen profiles (1 from massive horizon and 2 from the transitional 
horizon). The samples were analyzed with a PANalytical X ’PERT Pro XRD in the 
UNLV XRD/XRF Laboratory. One hundred to 200 g o f  crushed samples were pre-
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treated for carbonate and iron oxide removal and remaining materials were fractionated 
for <2 pm  sized particles (Soukup et al., in review). The clay fraction was treated with 
MgCl and KCl, infused with ethylene glycol, heated first to 350° C then 550° C, and 
scanned between steps on a glass slide with Cu radiation at 2° 0. Relative abundance o f 
clays was interpreted from relative XRD peak heights (Brock, this volume).
Results
Pedogenic Mineralogy
Minerals identified with SEM/EDS and XRD analyses in the petrocalcic horizons o f 
the M ormon Mesa soil profile are typical o f  those that occur in arid and semi-arid soils 
(Brock, this volume). Pedogenic minerals identified in the transitional, laminar, and 
massive horizons with SEM/EDS include calcite, palygorskite, sepiolite, barite, halite, 
and amorphous silica (Brock, this volume). XRD analyses identified sepiolite, 
palygorskite, quartz, calcite, Mg-calcite, illite, kaolinite, and smectite in the transitional 
horizon and palygorskite, calcite, Mg-calcite, and quartz in the massive horizon (Brock, 
this volume).
Parent materials o f  the Muddy Creek Fm. and eolian sediments at the surface o f the 
mesa contained a wider variety o f clay-sized minerals identified with XRD compared to 
the massive and transitional horizons. The M uddy Creek Fm. sediments contain 
palygorskite, smectite, kaolinite, illite, quartz, calcite, and Mg-calcite. The upper eolian 
sediments contain palygorskite, kaolinite, illite, smectite, chlorite(?), quartz, and calcite 
(Brock, this volume).
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The pedogenic minerals present vary slightly between individual horizons at Mormon 
Mesa. At the base o f  the profile, the transitional horizon contains relatively more 
sepiolite than palygorskite as identified in SEM/EDS and interpreted with XRD (Brock 
this volume). The transitional horizon also contains a greater variety o f  clay minerals, 
identified with XRD, than the overlying massive horizon. Barite is present in both the 
transitional and massive horizons o f 5 profiles (Table 2.1) and appears to be more 
abundant in the massive horizon. Interpretations regarding abundance o f  barite should be 
regarded with caution because an unequal number o f  samples were analyzed from the 
transitional and massive horizons.
Calcite (CaCOs) is the dominant mineral observed in all petrocalcic horizons o f  the 
profiles. W hen viewed in SEM backscatter, pedogenic calcite crystals range in size from
2-50 pm and vary from rare, euhedral, acicular to fibrous and rhombohedral crystals to 
common subhedral, and anhedral crystals. Euhedral rhombs are observed primarily in and 
around root pores. Calcite crystals appear light gray in backscatter and are lighter in 
value relative to the other common minerals. Calcite crystals also occur as radial, bladed 
micrite similar to Microcodhim  (Klappa, 1978; M onger et al., 1991b; Kosir, 2004; Brock, 
this volume).
In 22% o f the observed images from the massive and transitional horizons, calcite 
crystals are extensively pitted and voids have developed in the interior o f  the crystals.
The calcite commonly has an acicular to fibrous habit around these voids (Fig. 2.3A, B). 
EDS analyses o f the fibrous to acicular areas o f  the calcite crystals typically have high 
calcite peaks (Ca^^, C) with lower peaks o f  Si'* ,^ Mg^" ,^ and occasionally Al^^. EDS 
measurements o f  the fibers are difficult to obtain because o f  their small size and spatial
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association with the calcite crystals. M g-calcite was identified with XRD in both the 
massive and transitional horizons (Brock, this volume), but was difficult to identify with 
SEM and EDS because o f  the intimate association o f  calcite crystals with fibrous silicate 
clay minerals.
Detrital grains ‘float’ in the calcite matrix o f  the petrocalcic horizons. Well-rounded 
quartz is the dominant detrital component and feldspar is rare. Detrital grains commonly 
have an etched or pitted appearance around the edges o f  the grain at the contact between 
the grain and the surrounding calcite. Fibrous silicate clays also commonly occur at this 
boundary.
XRD and SEM/EDS analyses indicate that palygorskite and sepiolite are the most 
abundant clay minerals in the transitional and massive horizons (Brock, this volume). 
Fifly-eight percent o f  SEM images show that portions o f  these two petrocalcic horizons 
contain fibrous clay (palygorskite and/or sepiolite) in equal or greater abundance than 
calcite (Table 2.1). Abundant fibrous clays are spatially associated with higher 
concentrations o f  detrital grains and the extent o f  these areas can vary. XRD results show 
that sepiolite dominates the clay mineral assemblage in the lowemiost transitional 
horizon, but is less common in the overlying massive horizon (Brock, this volume), 
which is dominated by palygorskite (Brock, this volume). The relative abundance o f  
palygorskite versus sepiolite in the transitional and massive horizons is also observed in 
the SEM  images. In backscatter electron imaging, palygorskite occurs as fibrous bundles 
o f crystals with darker values than calcite. The acicular to fibrous crystals have 
diameters approximately <0.5 pm and range in length from <1-40 pm. These fibers have 
high Si^^ and Mg^^ and moderate Al^ "*" EDS peaks. In contrast, sepiolite has high Si'^  ^and
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Mg "^  ^with no EDS peaks. Sepiolite occurs as bundles and mats o f fibers that are 
relatively lighter in value as compared to palygorskite in the SEM backscatter images. 
Sepiolite commonly has similar lengths but larger diameter fibers (<1-5 pm) as compared 
with palygorskite.
Barite is observed in both the transitional and massive horizons with the SEM but was 
not identified with XRD. Barite is readily identifiable in SEM even as crystals smaller 
than 1 pm in diameter. Barite appears in SEM backscatter electron images as bright 
white crystals (Fig. 2.3B-H and Fig. 2.4A-F) compared to calcite, quartz, silicate clays 
and other minerals, with the exception o f those containing Fe '^^’^ '^  or Ti^ '^ ''*'^ . Barite has 
high Ba^^, S^^. and EDS peaks (Fig. 2.3C). Barite primarily forms euhedral, tabular 
to acicular crystals ranging in size from 1-50 pm in length and 1-20 pm in diameter. 
Barite also occurs as small (2-4 pm) tabular-ovoid crystals (Fig. 2.3D, G, H). Barite is 
observed in 44 (34%) o f the SEM images viewed (Table 2.1). O f these, 3 EDS analyses 
from the massive horizon produced peaks for Ba^^, S^', and Sr^^ indicating some 
substitution o f  Sr^^ for Ba^^ resulting in celesto-barite. Barite is spatially associated with 
fibers o f palygorskite and/or sepiolite in 41% of the SEM images in the transitional and 
massive horizons (Fig. 2.3B, D-H) (Table 2.1).
Barite consistently occurs in the transitional and massive horizons filling pore spaces 
including linear voids, circular pores, and micropores between fibers o f palygorskite and 
sepiolite clay (Table 2.1). Barite commonly occurs in areas around detrital grains that 
have dissolution features (Fig. 2.3D). Ten o f the 44 images that contain barite have 
detrital silicate grains that contain barite within the grain, either as a part o f  the original 
grain or as a crystal that precipitated in voids after etching o f  the grains from dissolution.
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Six o f  the 10 images that show barite within detrital silicate grains have evidence of 
dissolution (voids and palygorskite) in the interior o f  the grain (Fig. 2.4A, B). 
Accumulations o f  individual barite crystals that are up to 70 pm thick are commonly 
present at the boundaries between the calcite-dominated and the palygorskite-dominated 
areas (Fig. 2.4C). Barite crystals are also observed in 2 images with rhombs o f  calcite 
near hollow circular pores and pores filled with calcite. In these areas, barite crystals line 
the walls o f  the voids and are adjacent to calcite that now fills the former pore (Fig. 2.4D- 
F).
Halite and amorphous silica were identified with SEM/EDS. Halite was identified in 
one sample in the transitional horizon o f the Overton profile as small (<5 pm) anhedral, 
cubes with EDS peaks o f  Na"  ^and Cl' and surrounded by fibrous clay. Amorphous silica 
was identified in one sample o f the transitional horizon of the Riverside profile as 
botryoidal crystals, 5pm in size. The amorphous silica is found in a large void associated 
with sepiolite fibers.
Chemical Data
pH values range from 7.7 at the base o f  the transitional horizon in the Overton profile 
to 10.2 in the massive horizon o f  the H ell’s Kitchen profile (Table 2.2). Overlying eolian 
sediments have a pH value o f  8.3 and M uddy Creek Fm. sediments have pH o f 8 .8 . In 
both the Overton and Hell’s Kitchen profiles, pH decreases with depth from the top o f the 
massive horizon to the base o f  the transitional horizon (Table 2.2).
Both the Overton and Hell’s Kitchen profiles have increasing EC values with depth 
from the top o f  the massive horizon to the base o f the transitional horizon (Table 2 .2 ), 
with the base o f  the profile having significantly higher values (Table 2.2). The EC values
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range from 0.2 dS/m in the eolian sediments to 6.2 dS/m at the base o f the Overton 
profile.
W ater-soluble ions and Ba^^ concentration vary with depth in the Overton and H ell’s 
Kitchen profiles (Table 2.2). Water-soluble ions o f  Ca^" ,^ K^, Mg "^ ,^ Na" ,^ S^', Si'*'^ , Sr^ "^ , 
and C r  generally increase with depth. The concentrations o f water-soluble ions show a 
dramatic increase at the base o f  the profiles with all measured water soluble ions having 
their highest concentrations at the base o f  the transitional horizon. One exception to this 
trend is Cl', which has a higher value (91 mg/L compared to 19 mg/L) at the top o f the 
transitional horizon o f  the H ell’s Kitchen profile. Cl' is also slightly higher ( 8 6  mg/L) 
than the values o f  the massive horizon (19 mg/L) o f  both profiles. The water soluble ions 
are generally higher in the petrocalcic horizons relative to the parent materials. In the 
H ell’s Kitchen profile, Ba^^ concentrations are greater than 1000 ppm in the massive 
horizon and at the base o f  the transitional horizon. The highest Ba^^ values occur at the 
top o f the Overton profile transitional horizon with relatively lower values (<1000 ppm) 
in the overlying m assive horizon and lower portion o f  the transitional horizon. Overall, 
Ba^^ concentrations are high compared to both the eolian and M uddy Creek Fm. 
sediments which have values around 100 ppm (Table 2.2).
Model o f  Mineralogical and Chemical Development
Pedogenic mineral relationships between fibrous silicate clays and barite in the 
Mormon M esa soil profile indicate that important chemical and mineral forming 
processes can take place in late-stage petrocalcic horizons. Importantly, these processes 
signify that these indurated soils are dynamic open systems. A sequence o f  pedogenic
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events that led to the present arrangement o f minerals in the M ormon M esa soil is 
interpreted as follows: (i) Precipitation o f pedogenic calcium carbonate to the point o f 
induration created an environment favorable for the dissolution o f incorporated, detrital 
minerals in both the massive and transitional horizons, (ii) Incorporated detrital grains 
dissolved as a result o f pressure dissolution from calcite growth and/or pore water 
undersaturation, (iii) Palygorskite and sepiolite clays formed from Si'*’^ , Mg^ "*", and/or 
released during dissolution processes. Palygorskite and sepiolite replaced calcite and 
primary detrital minerals in the transitional and massive horizons and created a 
microporosity within these indurated horizons, (iv) Soil waters transmitted dissolved ions 
from salts and dust from the surface o f  the profile into the horizons, (v) Si'’^  Mg "^ ,^ and 
a P^ ions combined to form palygorskite and sepiolite and change the porosity o f the 
indurated materials, (vi) Ba^^ and S O / ' ions from dissolved salts at the surface were 
leached into the profile and precipitated small barite crystals in areas o f microporosity 
including cracks, voids, pore spaces, and between clay fibers, (vii) Salts transported and 
deposited at the surface o f  the mesa in eolian sediments were dissolved and leached 
through the profile during and after the formation o f  the individual soil horizons.
Interpretation
Calcite Precipitation and Grain Dissolution
The precipitation o f  calcite in all available pore spaces led to induration o f  horizons 
and created an environment that was ideal for the dissolution o f  incorporated detrital 
grains. Calcium carbonate precipitated forming stages II-VI morphologies during the 
development o f  the transitional and massive horizons (Bachman and Machette, 1977;
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Brock, this volume). Brock and Buck (2005) found that grain dissolution and clay 
neoformation can occur in morphologies as early as stage II in the lamina o f stage II soil 
pendants. Pendants are present in the Mormon Mesa transitional horizon and therefore 
suggest that earliest grain dissolution began around the time o f transitional horizon 
formation (-4-5  Ma) (Brock, this volume).
Two proposed mechanisms for grain dissolution in the Mormon Mesa petrocalcic 
horizons are: (i) Pressure dissolution: whereby nonhydrostatic stresses that result from 
direct contact o f  a growing calcite crystal against an incorporated detrital grain forces the 
dissolution o f  the grain (Weyl, 1959; Maliva and Siever, 1988), and (ii) Localized pore 
water undersaturation around the detrital grain causes dissolution o f  the grain (Weyl, 
1959). Pressure dissolution has been studied as a digenetic phenomenon in rocks 
(Correns, 1949; Weyl, 1959; Cleary and Conolly, 1972; M aliva and Siever, 1988), and as 
a process that occurs in mature pedogenic environments (St. Arnaud and Herbillon, 1973; 
Watts, 1978; Rebels, 1988; Monger and Daugherty, 1991; Monger et al., 1991a, Brock 
and Buck, 2005). In pedogenic environments the process o f  pressure dissolution requires 
that sediments become completely indurated with calcium carbonate leaving little room 
for displacement (Maliva and Siever, 1988; M onger and Daugherty, 1991). The second 
mechanism o f dissolution involves soil waters that are in contact with the surface o f  a 
grain within the petrocalcic horizon. If  these soil waters are undersaturated with respect 
to the mineralogy o f  the grain, the grain will dissolve (Weyl, 1959). The pH o f the soil 
water plays a role in the dissolution o f a grain. For example, in petrocalcic environments, 
soil waters can reach pH of 9 or greater which will increase the solubility o f quartz 
(Drees et al., 1989). The pH o f Mormon Mesa ranges from 7.7-10.2 and implies that this
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process o f quartz grain dissolution can occur. Soil waters in localized regions around 
grains may have higher pH than the combined pH o f the horizon (e.g. transitional 
horizon). These localized differences could be controlled by the spatial relationships 
between individual minerals such as calcite and gypsum.
Pore water undersaturation can be related to pressure dissolution and the two 
processes may occur together. Dissolution will affect the pore water chemistry by adding 
ions to the soil water. Soil waters may then be transmitted through the horizon and 
precipitate new pedogenic minerals in new areas (e.g. around detrital grains). This 
dissolution/reprecipitation process will then continue with the dissolution o f detrital 
material in the new area because o f  new crystal growth. In addition, by changing pore 
water chemistry, pressure dissolution could also lead to now-undersaturated pedogenic 
conditions that would cause the dissolution o f  calcite crystals. However, it is important 
to note that pressure dissolution can occur even when pore waters are not undersaturated 
with respect to the mineralogy o f the detrital grain (Maliva and Siever, 1988). Therefore, 
dissolution processes in the petrocalcic horizons can repeatedly dissolve and re­
precipitate the same neoformed minerals (e.g. calcite, palygorskite, sepiolite).
Etched and pitted quartz and feldspar detrital grains are evidence for the dissolution o f 
incorporated material in the Mormon Mesa profile. Palygorskite and sepiolite fibers are 
also observed at the boundaries o f  grains with etched features and in regions where 
detrital grains are more abundant. Quartz grains can provide Si'*’^ and feldspars can 
provide Si"^  ^and Al^^ upon dissolution that may combine to precipitate fibrous silicate 
clays. For this study, I was unable to evaluate which mechanism o f dissolution primarily 
occurs in the Mormon Mesa soil because o f  the microcrystalline nature and close
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relationship between the clay fibers and calcite, and I assume that both mechanisms can 
occur.
Palygorskite and Sepiolite Neoformation
Sepiolite [Si, 2Mgg0 3 o(OH)4(OH2)4"8 H2O] (Singer, 1989) and palygorskite 
[SigMg5 0 2 o(OH)2(OH2)4 2 H2O] (Bradley, 1940) form in the Mormon Mesa soil horizons 
from the combination o f  Si%  Mg "^ ,^ and/or Al^ "^  ions. Al^ "^  is commonly part o f  the 
palygorskite structure because o f  its isomorphic substitution for Si'*'^  and Mg^^ (Singer, 
1984). Clay fibers that fill voids around and within etched grains and occur as long, 
euhedral crystals are evidence that sepiolite and palygorskite minerals were precipitated 
in place (Eswaran and Barzanji, 1974; Singer, 1989; Monger and Daugherty, 1991; 
Sancho et al., 1992; Verrecchia and Le Coustumer, 1996). The abundance o f  palygorskite 
and sepiolite in the petrocalcic horizons implies that calcite precipitated prior to fibrous 
clay neoformation in order for dissolution processes to occur and provide the necessary 
ions. Palygorskite is stable in moderately alkaline to alkaline soils with high activities o f 
Si'*'^, Mg "^  ^and/or Al^^ (Singer and Norrish, 1974). Sepiolite is also expected to occur in 
similar conditions with higher Mg "^  ^and Si"^ "^  activities (Singer, 1989). Dissolution o f  
palygorskite w ill occur with increased precipitation (greater than 400 mm/yr) (Singer,
1989) and with a change from alkaline to more acidic conditions because o f  calcite 
dissolution. U nder these conditions, palygorskite may alter to smectite (Singer, 1989). 
Precipitation and subsequent induration by calcium carbonate in the Mormon Mesa 
horizons created the conditions needed for the formation o f palygorskite over smectite 
clays. These conditions appear to have been present throughout the entire development o f 
M ormon M esa because XRD results indicate that smectite is not present in the
80
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
petrocalcic horizons. Additionally, SEM images show no evidence for relict or modem 
expansion features that would have been associated with the formation o f  smectite clays. 
PurtheiTnore, regional paleoclimate data (Thompson, 1991; Smith et al., 1993) implies 
that the region did not get wet enough during the development o f the profile for the 
formation o f  smectite clays to occur. High pH values (> 7) recorded in the profile imply 
that the current pedogenic environment supports fibrous clay neoformation. The ions 
needed for palygorskite and sepiolite neo formation can be present in soil waters from a 
variety o f  sources. Detrital minerals such as quartz and feldspar from M uddy Creek Fm. 
parent materials can experience dissolution processes (Watts, 1980; M onger et al., 1991a; 
Brock and Buck, 2005) and provide the necessary ions needed for clay fomiation. 
Additionally, volcanic events that distributed ash over the southwestern U.S. since the 
early Pliocene could be a source o f  Si"*^  and other ions for the Mormon M esa soil 
(Grimillion, 1965; McLean, 1969; Sundin, 1974; Izett, 1981; Izett et al., 1988). Chemical 
data from this study show that the concentration o f  Si'*’^ in soil water at Mormon Mesa 
(10-96 mg/L) is consistent with and in some horizons exceeds the average Si^^ 
concentration o f soils described by Drees et al. (1989). Singer (1989) noted that at these 
increased concentrations (>20 mg/L) the stability o f  palygorskite (and sepiolite) can be 
established. Mg^’*' is also relatively high in the lower transitional horizon (2-46 mg/L) and 
could also allow for increased stability o f  these fibrous silicate clays. Increased Mg "^  ^
could account for the dominance o f  sepiolite over palygorskite in the transitional horizon 
since higher Mg '^*' activities are needed for the formation o f sepiolite (Singer, 1989).
Mg^^ ions could have been supplied from eolian dust dissolved at the surface or from the 
transformation from high M g-calcite to low Mg-calcite that was originally precipitated in
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the horizons (Watts, 1980). Precipitation o f  high Mg-calcite is believed to occur in high- 
evaporation environments when the Mg^^ ion is rapidly incorporated into the crystalline 
structure upon evaporation (Watts, 1980). High M g-calcite is not stable and will release 
Mg^^ ions into solution during transformation to low Mg-calcite (Watts, 1980). The 
presence o f M g-calcite identified w ith XRD in the petrocalcic horizons indicates that this 
process could have occurred within the Mormon M esa soil.
Fibrous clay neo formation changes the chemical and mineralogical characteristics of 
the petrocalcic horizons. Palygorskite and sepiolite fibers have high surface areas (150- 
600 m^/g) (Cases et al., 1991; Galan, 1996), low-moderate cation exchange capacity 
(CEC) values (5-45 meq/lOOg) (Birkeland, 1999), and pore volumes that range from 
0.13-0.34 cm^/g (Güngôr et al., 2006). The spatial arrangement and high surface area o f 
fibers makes these clays available for sorption o f  organic and inorganic materials (Galan, 
1996). The spatial arrangement o f  individual fibers can also create a microporosity 
within the soil matrix (Grillet et al., 1988; Varas-Muricl and Molina-Ballesteros, 2004). 
Bundles o f  palygorskite and sepiolite fibers measured in this study have micropores 
(Brewer, 1976) between fibers with diameters that range from <1-10 pm (Figure 2.3F). 
These pores are large enough to accommodate the transmission o f  water and bacteria 
(Brady and Weil, 1999). The distribution o f  micropores can be attributed to the original 
arrangement o f  fibers from growth (Varas-Muriel and Molina-Ballesteros, 2004) and 
from voids left after dissolution o f  primary or pedogenic minerals (Grillet et al., 1988; 
Arribas et al., 2004). In SEM images barite crystals are commonly found in these pore 
spaces between the fibers o f  palygorskite and sepiolite clays.
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Barite Neoformation
Pedogenic processes that form barite in soils o f  arid environments are poorly 
understood and infrequently reported. The presence o f  barite in soils is typically credited 
to: (i) non-pedogenic incorporation o f  detrital barite crystals from weathered, barite-rich 
parent material into the soil profile (Buchanan, 1973; Merefield, 1975), (ii) pedogenic 
precipitation o f  barite crystals in clay-rich soils o f  humid climates (Robinson et al., 1939; 
Vinogradov, 1959; Lynn et al., 1971; Stoops and Zalveta, 1978; Darmody et al., 1989), 
(iii) non-pedogenic crystals precipitated from high-saline, upwelling groundwater in arid 
and semi-arid regions (McCarthy and Plint, 1998; Lee and Gilkes, 2005), (iv) 
biomineralization from bacteria and around roots (Brook et al., 1980; Sullivan and Koppi, 
1995), and/or (v) rarely as pedogenic minerals in soils and paleosols o f  arid regions in 
areas where Ba^^ ions are available from parent materials or dust (Sullivan and Koppi, 
1995; Buck et al., 2003; 2004b).
Five mechanisms were considered for the presence o f barite in the Mormon Mesa 
petrocalcic horizons, (i) Barite crystals are inherited from the parent material and are 
translocated into the profile, (ii) Barite precipitated from a groundwater solution prior to 
regional stream system incision and abandonment o f  the mesa, (iii) Ba^^ and S0 4 ’^ ions 
derived from the weathering and transport o f dust at the surface are flushed into the soil 
profile and combine to precipitate barite, (iv) Barite precipitated from a solution that 
contained ions mobilized from pressure solution o f  Ba-rich detrital grains and clasts from 
parent material o f  eolian and Muddy Creek Fm. sediments, (v) Barite precipitated from 
the combination o f  Ba^^ from dust and/or detrital grains with S0 4 ’^ from primary and/or 
secondary gypsum present in the soil profile.
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Evidence from this study does not support mechanisms i-ii for the presence o f  barite 
in the M ormon Mesa soil. The euhedral habit o f  barite crystals (Fig. 2.3B, F and Fig. 
2.4F) and the relationship between barite and neoformed fibrous clays (Fig. 2.3B, D-H 
and Fig. 2.4A-C) is evidence that translocation did not occur. I f  crystals were 
translocated from the surface into the profile, then they would exhibit anhedral habits due 
to physical abrasion during transport. Mottling features and sparry calcite crystals are not 
present and imply that groundwater did not affect the development o f  the profile. Colors 
o f  the soil horizons at Mormon Mesa are pinks to reds (Brock, this volume) in contrast to 
gleys that are normally associated with waterlogged conditions. Geomorphic evidence 
(Gardner, 1972; Brock, this volume) indicates that the soil was elevated above the 
regional drainage system early in its development and was removed from the influences 
o f  the regional groundwater table. Additionally, the presence o f  pendants, which are 
gravitational features that form from meteoric leaching o f  waters (Gile et al., 1966), in 
the massive and transitional horizon (Brock, this volume) and vertical root traces at the 
base o f  the profile, do not support a groundwater origin.
The euhedral shape o f  the barite crystals, their intimate association between the 
neo formed fibers o f  silicate clays, and the stacking o f  crystals around circular voids 
suggests that barite is neoformed and therefore one or all o f  mechanisms iii-v have taken 
place. Neo formation o f  barite in Mormon M esa petrocalcic horizons suggests that the 
soil waters containing Ba^^ and S O / ' ions were transferred through these highly 
indurated horizons with gravitational and/or capillary forces. The association o f  barite 
with the fibrous clays may be partially caused by the ability o f  clay particles to 
preferentially adsorb Ba^^ (Hanor, 2000). I f  barite was present in the horizon before or
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during calcium carbonate precipitation and clay neoformation, barite would occur 
throughout the horizon and not preferentially with fibrous silicate clays. Therefore, the 
barite is interpreted to have formed after the formation o f fibrous silicate clay.
Ion Sources from Dust
Eolian-sourced Ba^ *" and S0 4 ^  ^ions were available to southern Nevada from multiple 
sources in the southwestern U.S., and include: (i) dry playas containing gypsum, barite, 
and other salts that are exposed in arid climates (Junge and Werby, 1958; Reheis et al., 
2002; Reynolds et al., 2006), (ii) from the weathering and transport o f Ba-rich rocks o f 
the Lake M ead region and immediate vicinity (Smith, 1981), and (iii) atmospheric 
sources from anthropogenic activity such as the burning o f diesel fuels (Church et al.,
1990).
Continued or episodic deposition o f eolian materials containing Ba^^ at the surface o f 
M ormon M esa over the past 4-5 M a could have contributed to the concentration o f Ba^^ 
ions recorded in the subsurface soil horizons (Table 2.2). Ba^^ ion concentration in dust 
ranges from 487-3750 ppm across the southwestern U.S. (Reheis et al., 2002). Locations 
relatively near Mormon Mesa that have increased Ba^^ concentrations in dust are the dry 
lakes near Armagosa (1150 ppm) and Owens Lake (3750 ppm) (Reheis et al., 2002). Dry 
desert playas o f  the region are exposed during arid climates because limited rainfall does 
not support the vegetation needed to protect it from erosion (Bull, 1991; Reheis and Kihl, 
1995). During these drier periods, regional playas containing barite, gypsum, and other 
soluble salts are eroded, and these salts and particles are transported by eolian processes 
and distributed across the region including the surface o f  Mormon Mesa (Reheis and 
Kihl, 1995). B rief rain events during arid periods or increased rainfall associated with
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transition into wetter climates would have flushed the ions from the surface o f the 
horizon into the profile.
IfBa^^ ions were continuously deposited on the surface and subsequently flushed into 
the profile throughout the entire phase o f Mormon Mesa development, I would expect to 
see higher values o f Ba^^ recorded in the massive and transitional horizons. One 
explanation for lower than expected Ba^^ concentrations is that only small-sized Ba- 
containing particles were available for dissolution because o f  their increased surface area 
compared to larger particles. Secondly, Brock (this volume) found that several strong 
erosional events occurred during the development o f the soil profile. These erosional 
events removed the eolian sediments and the upper portions o f the horizons. Therefore, 
ions associated with the eolian sediments would not be available to leach into the soil. A 
third explanation for lower than expected Ba^^ values is the relationship between low 
eolian influx and wetter climates. Climatic variation over the past 4-5 M a (Thompson, 
1991; Smith et al., 1993) could have contributed to variable influx of eolian sediments 
(Ba^^ sources). Therefore, eolian sedimentation would not have been consistent through 
soil profile formation at Mormon Mesa. Since ~5 Ma, the Mormon Mesa soil has 
undergone multiple exposure, erosional, and eolian depositional events in response to 
variations in climate (Brock, this volume). It is reasonable to conclude that Ba^^ and 
other salt-related ions were deposited at the surface from eolian processes during past 
arid periods and these eolian events occurred inconsistently throughout the development 
o f  M ormon Mesa. Current values o f Ba^’*' within the soil horizons could reflect the 
accumulation o f  ions at the surface during those arid events.
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Detrital barite crystals deposited at the top o f  the profile with eolian sediments must 
undergo dissolution in order to flush the individual Ba^^ and S0 4 ‘^ ions into the profile to 
precipitate as euhedral crystals. Barite is a very insoluble mineral thus dissolution at the 
surface o f  the profile is expected to be limited. Barite dissolution increases when the soil 
solution has greater ionic strengths due to NaCl or other salts that are present in the 
solution (Vinogiadov, 1959; Blount, 1977; Deutch, 1997). Eolian sediments that are 
deposited on the surface o f  the mesa are not only a source o f  Ba^^ but can also supply 
other ions from soluble salts. At Mormon Mesa, high values o f  water soluble elements at 
depth in the profile (Table 2.2) imply that salts have leached from the surface during 
various stages o f  its development. Reheis and Kihl (1995) recorded the influx o f  soluble 
salts at nearby Logandale, NV to be 1.7 g/mVyr based on 5 years o f  measurement. 
Additionally, high pH values at the top o f  the profile suggest that sodium carbonate salts 
such as nahcolite (NaHCOs), soda (Na2CO3-10H2O), and/or trona (Na2C0 3  2 H2O) 
(W hittig and Janitzky, 1963) could be present. These salts could raise the ionic strength 
o f  the soil solution at the top o f  the profile and increase the solubility o f  barite crystals 
(Vinogradov, 1959; Blount, 1977; Deutch, 1997; Faure, 1998). Although it is unclear 
whether salts are responsible for the dissolution o f  barite at the surface o f  the profile, an 
eolian source for Ba^^ is reasonable, and could explain the high Ba^^ values within the 
individual soil horizons.
Parent Material Sources o f Barium
The presence o f  barite in the profile could also be explained by the dissolution o f 
parent material grains and eolian particles in the petrocalcic horizons that include Ba^^ 
and S0 4 ‘^ as part o f their mineralogy. The Lake Mead region contains several volcanic
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units that have relatively higher Ba^^ values (Smith, 1981) and could provide a local 
source o f  detrital Ba^^. Detrital grains observed with SEM/EDS that contain barite within 
their boundaries are present but rare (Table 2.1). Ba^^ and SC^^ released by dissolution 
processes enacting on barite-containing grains could have been transported in soil waters 
from the area o f  dissolution and precipitate as crystals in voids, cracks, and between clay 
fibers. The susceptibility o f  barite to pressure dissolution is unknown. Barite grains 
and/or grains that contain Ba^^ ions that were dissolved in the horizon should be 
considered as possible sources o f Ba^^ ions that contributed to barite neoformation in 
M ormon Mesa. Although this mechanism should be considered, I believe that the 
concentration o f  Ba^^ ions provided by parent material are insignificant compared to ion 
availability from the dissolution o f  eolian particles at the surface based on measured 
concentrations. I analyzed bulk samples for Ba^^ concentrations from the petrocalcic 
horizons and both eolian and Muddy Creek Em. parent materials (Table 2.2). The 
concentrations o f  Ba^^ reported for these samples (Table 2.2) include Ba^^ sources from 
both pedogenic and primary materials. Ba^^ values in the soil horizons (301-1716 ppm) 
are much higher than the Muddy Creek Fm. (123 ppm) and eolian sediments (82 ppm). If  
parent material had played a significant role in the presence o f Ba^^ in the petrocalcic 
horizons, then the parent materials that were sampled are expected to have values equal 
to those o f  the soil horizons.
Common Ion Effect
The replacement o f  gypsum for barite via the eommon ion effect is another 
mechanism by which the presence o f barite crystals in the soil profile could be explained 
(Faure, 1998). Detrital or pedogenic gypsum present in the profile can provide S O / ' as
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the common ion that drives the precipitation o f barite (Faure, 1998). Ba^^ ions available 
from leaching at the surface or from parent material dissolution in the profile 
preferentially combine with S0 4 ^^  to precipitate barite upon evaporation. This process 
releases Ca^^ ions from the gypsum structure and replaces them with Ba^^ ions. Ca^ "^  ions 
become mobile and may continue to leach through the horizon where they could be 
available for precipitation as calcite or gypsum elsewhere in the profile. This study was 
unable to identify gypsum in the profile with SEM/EDS and XRD methods. However, 
high S^' values, high EC, and low pH (Table 2.2) suggests that gypsum could be present 
at the base o f the profile. Gypsum present at the base o f the profile implies that the ions 
needed for gypsum formation were and/or are present throughout the profile and have 
since leached to the transitional horizon.
Biomineralization
The precipitation o f  barite in the profile could occur by inorganic and organic 
processes. There is some evidence for the latter process occurring in the Mormon Mesa 
profile. Small, tabular to ovoid barite crystals (Fig. 2.3D, H) amid clay fibers have a 
morphology that resembles crystals that result from bacterial precipitation (Finlay et al., 
1983; Bertram and Cowen, 1997). The potential for biological activity is increased in the 
fibrous clay microenvironment because o f  the high surface area and increased 
microporosity as compared to the surrounding carbonate matrix. Liinsdorf et al. (2000) 
discuss the preference o f  bacteria to associate with clay particles. Barite crystals that 
have precipitated near root traces (Fig. 2.4E, F) are also evidence for possible biological 
interactions. The influence o f biological interactions on the precipitation o f  barite in arid 
soils should not be overlooked. Future research should be conducted on
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biomineralization o f  barite in petrocalcic horizons to establish if  these processes are 
feasible.
Discussion
Implications for Soil Water Movement
The minerals that formed as a result o f  dissolution and reprecipitation processes in the 
petrocaleic horizons at Mormon Mesa ereated an environment that could promote water 
movement through these highly indurated materials. Micropores that are formed from the 
growth o f  fibrous silieate clays provide areas where water can be transmitted. If  the 
mechanisms o f calcite precipitation and subsequent pressure dissolution o f detrital grains 
and dust continues, greater amounts o f fibrous silicate clays are expeeted to form in these 
horizons. Increased amounts o f fibrous silicate clays will also increase the microporosity 
and thereby possibly increase soil water movement.
The presence o f  soluble sodium salts at the surface o f  the profile could represent high 
evaporation and wicking o f soil waters upward in the profile. These salts could also be 
present from Holocene eolian influx and have not yet leached through the profile during a 
significant precipitation event. The coneentration o f  water soluble ions in the eolian 
materials is low (with the exception o f C f) compared with those in the petrocalcic 
horizons (Table 2.2). Low values o f  water soluble salts are expected at the surfaee 
because the ions should quickly leach into the soil horizons during rain events.
Relatively high C f values in the eolian materials at the surface o f the mesa could be 
explained by the presence o f  chloride salts other than halite. Additionally, higher 
concentrations o f C f  eould represent accumulation o f  ^ ‘^ Cf at the surface o f  the mesa
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from natural atmospheric sources and/or from atmospheric detonations o f  nuclear 
weapons (Phillips et al., 1988).
The trend o f  increasing water-soluble ions and EC with depth suggests that signifieant 
leaching from the surface to the base o f  the profile may have occurred. pH values less 
than 8, high S^' values, and high EC indicates that gypsum, and/or other sulfate minerals 
could be present at depth. High Na^ and C f at the base o f  the profile could indicate the 
presenee o f  halite w hieh was also identified with SEM/EDS in the transitional horizon. If 
sodium carbonate m inerals were abundant at the base o f  the profile as is suggested by 
high Na^, then pH values at this depth are expected to be high. Since the solubility o f  
barite may be affected by the presence o f salts (Vinogradov, 1959; Blount, 1977), 
increased dissolution and mobility o f barite should be expeeted in those areas that contain 
higher salt concentrations such as at the top and bottom o f the profile (Table 2.2).
Two ideas are proposed for the increase in salts in the transitional horizon: (i) More 
salts were available for input into the transitional horizon during its formation in the early 
to middle Plioeene (Broek, this volume), (ii) Leaching o f  salts occurred and continued 
throughout the development o f  the individual horizons. The formation o f  the transitional 
horizon is interpreted to have occurred during a transition to a more arid climate (Smith 
et al., 1993; Brock, this volume). An increase in salt influx with eolian deposition during 
this period combined with the duration o f formation (Brock, this volume) could have 
contributed to the increased eoncentration o f  water-soluble ions in this horizon. However, 
paleoelimate data for this region are limited and salt influx during that time is diffieult to 
determine. Open vertical cracks that are observed to penetrate through the matrix o f  the 
massive horizon are another possible avenue for meteoric water to be transferred into the
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underlying horizon. Through these cracks, water is able to quickly flow through the 
massive horizon to the transitional horizon. These eracks formed after the induration o f 
the massive horizon (Brock, this volume) and signify m odem  pedogenic processes that 
opened the profile to increased water penetration through these macro features. 
Additionally, the vertical cracks are partially or completely filled with calcium carbonate 
lamina (Brock, this volume). These laminae could represent slightly older precipitation 
events that supplied water to the underlying soil horizon. Future dating o f  the lamina that 
fill some o f  these cracks may provide timing for their opening that could determine the 
length o f  time that water has passed from the surface to the underlying transitional 
horizon. It is important to remember that all soil water does not bypass the indurated 
horizon through the open cracks. The evidence that water is or has been transferred 
through the indurated horizon is the presence o f  neoformed barite amid the fibers o f  
palygorskite and sepiolite clays.
Paleoelimate Implications
The mineralogy that developed in the petrocalcic horizons at Mormon Mesa was 
influenced by  arid climate processes. Eolian sediments that were brought to the surface of 
the mesa during arid climates are significant components o f  the Mormon Mesa 
petrocaleic horizons (Brock, this volume). B rock’s model for the development o f  the 
Mormon M esa profile attributes the formation o f  macroscopic pedogenic features in the 
horizons to the physical weathering o f the tops o f  the transitional and massive horizons. 
Subsequent eolian deposition on top o f  these exposed and eroded horizons would have 
provided the ions needed for the formation o f  calcite, palygorskite, sepiolite, barite, and 
salts identified in this study.
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Ions must be flushed into the soil during precipitation events for barite and other 
soluble salts to precipitate within the horizons. Data from this study indicate that barite 
that is present in the transitional and massive horizons was formed because Ba^^ ions 
were flushed from the surface into the soil with soil waters. Precipitation o f pedogenic 
barite could have occurred during the formation o f  the transitional horizon when ions 
were leached into the soil profile from eolian processes. The erosional event that eroded 
the upper portion o f  the transitional horizon around 2.8 Ma (Brock, this volume) exposed 
the horizon to greater eolian influx and meteoric water because it was at the surface. 
Eolian sediments that were deposited on top o f  the eroded surface (that later became the 
parent material for the massive horizon) would have also contributed the necessary ions 
for the formation o f  fibrous silicate clays, salts, and barite within the horizon. A similar 
arid event that eroded the upper portion o f the massive horizon exposed the horizon to 
increased eolian sedimentation, ion influx, and proximity to meteoric water (Brock, this 
volume). Pulses o f  Ba^% S0 4 ^' and other salt ions at the surface would have contributed 
to the precipitation o f  barite in this horizon.
Rainfall events during drier climates and/or a change to a semi-arid climate with 
associated increased rainfall could have flushed the ions deeper into the profile. Ions 
would have leached into the profile during the stabilization o f eolian sediments because 
o f  increased vegetation and higher rainfall during ‘wetter’ semi-arid climates. However, 
at Mormon Mesa, precipitation did not exceed the amounts needed to dissolve calcite and 
silicate clays. Glacial and interglacial climates o f  the Pleistocene would have caused 
eolian deposition (ion influx) during drier climates and flushing o f  these ions during 
wetter climates. Ion input during drier times with subsequent leaching o f  these ions into
93
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
the profile throughout the Pliocene, Pleistocene, and/or Holocene contributed to the 
mineralogy and chemistry o f the profile that is observed today. Barite that is present in 
the transitional and massive horizons supports the interpretations that eolian sediments 
were a source o f parent material during the construction o f  the Mormon Mesa profile.
Implications for Absolute Dating Techniques
Dissolution and reprecipitation o f calcite within the petrocalcic horizons can be 
problematic for the application o f  absolute dating techniques. Calcite may be dissolved in 
one area o f  a horizon, leached, and transported by soil waters to another area o f  the 
horizon, and subsequently reprecipitated. The presence o f detrital grain dissolution 
processes and neoformed palygorskite and sepiolite is evidence that these proeesses are 
taking place within the indurated horizons. Dating o f  unrecognized newly precipitated 
calcite minerals can give an incorrect age for the original precipitation event.
The chemical and mineralogical processes that occurred in the Mormon Mesa soil are 
evidence that soil formation was a dynamie open process. These highly indurated 
petrocalcic horizons contain minerals that formed during multiple dissolution and re­
precipitation events with neoformation o f  new minerals. A detailed micromorphic 
investigation into the mineralogy and chemistry o f  the material that is to be dated must be 
conducted prior to dating applications.
Conclusions
Mormon Mesa is one o f the oldest arid soils in the world and holds a record o f  past 
geomorphic and climatic changes since the early-Pliocene. Mormon M esa and similar 
soils that contain late-stage petrocalcic horizons are believed to have limited hydrological
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conductivities because o f  their high induration. However, with time these soils 
experience both physical and chemical processes that contribute to a soil environment 
that is conducive to soil water movement.
Induration o f  the petrocalcic horizon with calcium carbonate drives the dissolution o f 
incorporated grains through pressure dissolution and/or dissolution from ion 
undersaturation. Ions available from the dissolution o f  incorporated grains and dust 
provide necessary Si' '^^ , Mg^^, and that, when combined in an alkaline environment, 
form palygorskite and sepiolite. The neo formation o f  fibrous silicate clays in the 
petrocalcic horizon is a dominant process that controls the physical and chemical 
dynamics o f  the soil. The micro-environment created by palygorskite and sepiolite fibers 
allows for the transmission o f  soil waters that can contain dissolved salt ions. Barite 
precipitates as euhedral crystals in areas o f  increased microporosity, including cracks, 
voids, around root pores, and between fibers o f  palygorskite and sepiolite, from the 
combination o f  ions that were contained in the mobile soil solution.
The presence o f  pedogenic barite in Mormon M esa is important because its foimation 
in soils o f  arid environments informs us about movement o f  soil water through the soils. 
This research attributes barite formation in the Mormon Mesa petrocalcic horizons to: (i) 
the combination o f  Ba^^ and ions produced by the weathering and transport o f  
eolian particles from the surface into the soil profile, (ii) the precipitation o f  barite from 
ions derived from the dissolution o f  Ba^^-rich detrital grains from the original parent 
material, and/or (iii) barite precipitation from the combination o f  Ba^^ from dust and/or 
detrital grains with S0 4 ^' from primary and/or secondary gypsum present in the soil 
profile.
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The euhedral shape o f  barite is evidenee for its neoformation and provides useful 
information regarding the evolution o f  highly indurated petrocalcic horizons. In the 
Mormon M esa petrocalcie horizons, ions ofBa^^ and S0 4 ^  ^were transferred with soil 
waters that also contain ions o f  soluble salts between fibers o f  pedogenic sepiolite and 
palygorskite elays and other areas o f  porosity. Barite precipitated between the neo formed 
clay fibers, in eracks, and in voids; therefore, barite crystals in the Mormon Mesa 
petroealcic horizons can be used as a proxy for water movement. With time, and 
increased input o f Si'‘‘^ , Mg^" ,^ and Al^ "^  ions from dissolution o f parent materials and 
weathered eolian sediments, fibrous silicate clay will continue to precipitate and create 
areas o f  microporosity. Increased microporosity could subsequently further fibrous clay 
formation and enhance the permeability o f  these indurated horizons.
It is important to fully understand the physical and chemical processes that take place 
in petrocalcic horizons. The importance lies in their application to understanding 
landform vulnerability to flooding and their application in interpreting paleoelimate, 
fluvial system dynamics, and depositional/erosional events associated with ancient 
geomorphic landforms. Geochemical processes that take place within these horizons can 
directly affect their use as materials for new absolute dating techniques. Therefore, to 
obtain appropriate samples for the application o f absolute dating of petrocalcic materials, 
a thorough micromorphological investigation should be conducted.
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Figure 2.1. Landsat TM (converted to gray scale) image of study area showing 
sampled profiles labeled with white circles and key geographic locations.
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Figure 2.2. Image of Mormon Mesa profile with (B) eolian and brecciated horizon, 
(M) massive horizon, (T) transitional horizon, and (MC) Muddy Creek Fm. Laminar 
horizon is not present at this location. For scale, co-author is ~160 cm tall.
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Fig. 2.3. SEM backscatter imagery showing: A. Calcite (c), palygorskite (p), and etched 
grain (g). W hite arrow points to partially dissolved calcite crystal with <1 pm fibers in 
voids (v). W hite dashed line illustrates approximate boundary between grain and matrix 
minerals. From Riverside profile 30 cm depth. B. White barite (b) crystals with calcite 
(c) and palygorskite (p). From Overton profile 80 cm depth. C. EDS graph with signature 
peaks o f  barite. Au peak is from gold coating o f  sample. D. Quartz grain (q) with 
palygorskite (p) fibers at boundary o f grain and small (-2pm ) barite crystals within the 
palygorskite fibers. White dashed line illustrates approximate boundary between grain 
and palygorskite and calcite (c) matrix materials. From Riverside profile 30 cm depth. E. 
White barite crystals with palygorskite fibers from Big Bull profile 130 cm depth. White 
box is area shown in F. Greater magnification o f  barite (b) and palygorskite (p) in image 
E. G. White barite (b) crystals in area with palygorskite fibers (p) from Logandale profile 
130 cm depth. Wliite box is area shown in H. H. Greater magnification o f barite (b) and 
palygorskite (p) in image G.
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Fig. 2.4. SEM backscatter imagery showing: A. Microcrystalline silicate grain (g) in 
calcium carbonate matrix (c) from Riverside profile 30 cm depth. White box outlines area 
shown in image B. B. Greater magnification of silicate grain (g) with evidence of 
dissolution as voids (v) and palygorskite formation (p) with barite (b) crystals. C. White 
barite ciystals (b) at boundary between calcium carbonate-dominated matrix and 
palygorskite-dominated matrix. From Riverside profile 30 cm depth. D. Barite crystals (b) 
lining irregular pore partially filled with calcite rhombs (c) from Hell’s Kitchen profile 120 
cm depth. E. Barite crystals lining circular pore partially filled with calcite (c). Black area 
is void (v). F. Barite (b) crystals arranged in circular pattern with calcite (c) crystals in 
center from Hell’s Kitchen profile 70 cm depth.
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U o f images viewed
Clay Matrixt
â " s
Images with barite (%)
With root poresÿ 
With fibers of clayj 
As coating on grain 
At matrix boundary 
With EDS peaks o f Sr 
In areas of grain dissolution^ 
In other voidsj 
In detrital grain
Total areas of increased porosity'
Table 2.1. Compilation o f  barite occurrence in SEM images. (RI) Riverside profile, (OV) 
Overton profile, (HK) Hell's Kitchen profile, (RR) Radio Ridge profile, (JR) Jackrabbit 
profile, (LD) Logandale profile, (BB) Big Bull profile, (M) massive horizon, (T) 
transitional horizon, (f) number o f images where fibrous clays equaled or exceeded 
calcite as the matrix materials. ($) Increased areas o f microporosity occur around root 
pores, in cracks or other void spaces, and in areas o f  dissolution o f detrital grains and 
fibrous clay neoformation. (§) percentage out o f the total images viewed that contained 
barite.
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Sample Depth
cm
Horizon pH  (avg) EC (avg) 
dS/m
T o ta f
ppm
H 2O soluble ions 
mg/L
Ba Ca K M g Na S Si Sr Cl-
eolian 0 n/a 8.3 0.2 82 43.6 4.89 3.02 2.4 2.3 27.7 0.2 86
MC 350 n/a 8.8 0.3 123 39.8 8.06 5.05 29.5 21.9 20.7 0.44 14
OV-2 80 M 9.8 0.4 301 67.2 7.28 4.8 19.5 25.2 18.7 0.56 19
OV-3 150 T 8.7 0.6 1404 42.2 7.44 13.4 55.2 19.7 82.2 0.6 91
OV-4 200 T 7.7 6.2 745 732 26.2 46.3 729 573 96 5.11 86
HK-1 10 M 10.2 0.6 1145 107 16.9 2.36 19.7 71.8 10 0.72 19
HK-4 190 T 8.9 0.7 907 76.3 10.6 14.8 52.8 57.7 21 0.85 102
HK-5 290 T 8.2 2.7 1716 323 16.7 35.7 246 298.2 38 4.69 341
Table 2.2. Selected chemical data for two o f  the M onnon M esa profiles and parent 
materials. (OV) Overton profile, (HK) Hell's Kitchen profile, (MC) M uddy Creek 
Fm. sediments, (M) massive horizon, (T) transitional horizon. (^) From total 
elemental data o f  bulk sample.
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APPENDIX I
ILLUSTRATIONS OF SAMPLED PROFILES
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B o u n d a ry
Depth
cm
0
10
20
3 0
4 0
50
6 0
B w l
B k l
B k2
^ o  D o ^
B km
Stage o f  Carbonate 
Morphology
Colors
(diy)
Texture Structure, etc.
tigh t brow n 
7 5 Y R 6 /4
fine sandy  loam m oderate  m ed ium  p la ty
red d ish  y e llow  
7 5V R  6 /6 fine sandy  loam
m odera te  coa rse  p la ty
n ilam e n ts  o r  nodu les 
stage  I-II
ligh t brov™ 
7 .5 Y R 6 /4
fine  san d y  loam
m odera te  m ed ium  pla ty  and  
m odera te  m ed ium  su b an g u la r blocks'
ligh t brow n 
7 .5Y R  6/4 fine  sandy  loam
con ta in s  s toneline , rocks ro u n d ed  and 
8-12 cm  long  d iam eter; m any  fine  so ft 
m asses  o f  ca rbona te  co ncen tra tions  
m ode ra te  m ed ium  su b an g u la r b locky
w hite  
lO Y R 8/1 
pink  
5 Y R 7 /4
sandy  c lay  loam m odera te  m ed ium  su b an g u la r blocky
fragm ents o f  
m assive  horizon  
o f  unknow n  size
w h ite  
lO Y R  8/1 
pink 
5Y R  8/3
sandy  c lay  loam stro n g  m ed ium  su b an g u la r b locky
hardpan  
(m assive  ho rizon )
w hite  
lO Y R 8/1 
redd ish  yello w  
7 .5Y R  7/6
sandy  c lay  loam m odera te  verj ' fine  su b an g u la r blocky
♦Illu s tra tion  from  N R C S  Soil S urvey  data  (M o rm o n  M esa  series d escrip tion , S ite  ID  8 9N V 003006 , P edon  ID; 8 9N V 003006  S tages are  in terp reted  from  the 
d esc rip tions  p rov ided  in th e  N R C S  data.
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Stage o f  Carbonate 
Morphology
Colors
( d i y )
Description
fragments of 
stage VI
1-50 cm  ro unded  to su b an g u la r b locks  o f  pe troca lc ic  fragm ents 
w ith  pendan t lam ina  on undersides. B locks have ro ta ted  
an d  re -inco rpo ra ted  pendan ts and  lam ina . E o lian  san d s  fill 
spaces be tw een  fragm ents
VI
lam ina 
5 Y R  8/3 
m atrix  
lO Y R 8/1 
p iso liths 
7 Y R  6/3
H igh ly  indu ra ted  ca lc iu m  ca rb o n a te  w ith  ab u n d a n t, ve rtica lly  
e longated  p iso liths. P iso lith s  range from  5m m  to  6 cm  d iam eter 
w ith  cen ters  o f  pe trocalc ic  fragm en ts  an d  g ravels  a n d  pendan t 
lam in a  on  unders ide s. R are  p endan ts  w ith  a  second , vertical 
se t o f  p endan t lam ina . V ertica l c rack s  (> 4  cm  th ick ) are  both  
o pen  and  filled  w ith  vertica l ca lc iu m  ca rb o n a te  lam ina  tha t 
ex tend  th rough  the horizon.
III
m atrix  and  
nodu les 
2 5 Y R  8/1
L ess indu ra ted  than  the  ab o v e  horizon  bu t still indu ra ted  w ith  
ca lcium  carbona te . H as no d u la r tex tu re  w ith  5 m m -3cm  nodu les 
and  roo ts ca sts  com m o n ly  w ea thering  out. C o m m o n  pendan t­
like fo rm s w ith  rare  g ravels  as  nucleus. T op  o f  h o rizon  has - 1 0  
cm  th ick  se ts  o f  lam inae  th a t g rad e  into the  und erly in g  m aterial.
II
loose sed im ents 
2 .5Y R  7/3 
nodu les 
2 .5Y R  8/2
M uddy  C ree k  sands w ith  abun d an t ch e rt g rave ls  in lenses. 
M udballs  (< lc m )  and  stage  II ca lc iu m  ca rbona te  nodu les 
(5 -50m m  d ia m ete r)  and  rare  ca lc ified  roo t traces.
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Stage o f  Carbonate 
Morphology Colors Description
fragments o f 
stase VI
S m all fragm ents o f  p e trocalc ic  m ateria l m ostly  e ro d ed  
F ragm en ts  range from  .5-10cm  d iam ete r
VI
p iso lith s  
7 .5 Y R  6 /2  
m atrix  
7 .5 Y R  7/3
A bundan t, e longa ted  pendan ts  ( l5 -5 5 m m  long ) w ith  ra re  g ravels  
erod ing  from  cen te r o f  p iso lith . Inc ip ien t lam ina  a t  to p  o f  
horizon  P iso liths a re  IO -40cm  m m  d iam . R oo t trace  found in 
o ld  vertical c rack  on  ed g e  F ew  su b an g u la r lim estone  o r 
sandstone  c lasts  a t c e n te r o f  p iso liths. R are , vertica l c racks  
runn ing  th rough  leng th  o f  horizon.
III
lam inae  
lO Y R 8/2 
n o du le s  and  
m atrix  
I 0 Y R 8 /I
T o p  o f  horizon  con ta in s  th ick  ( -2 0 c m )  sets  o f  ho rizon ta l lam ina 
tha t has ab undan t (< lm m  d iam  ) pe lle ts  be tw een  ind iv idual 
lam ina  Indu ra ted  w ith  ca lc iu m  ca rb o n a te  w ith  inc ip ien t p la ty  
s truc tu re  a t top  o f  h o rizun  w ith  e  o lu m n ar, su bangu la r b locky , 
th roughou t. C up p ed  g rav e ls  o f  lim estone  o r  sandstone  and  
m udch ip s w ea th erin g  out. R ounded  an d  e lo n g a ted  nodu les 
w ea th erin g  out.
II
nodu les  and  
m atrix  
lO Y R  8/1
M uddy  C reek  sed im en ts  w ea th e r su b an g u la r b locky  to  co lum nar 
w ith  ab u n d an t nodu les  ( 10 -40m m ). S o m e nod u le s  ap p e a r as 
e longa ted  roots. R are gravels.
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Stage o f  Carbonate 
Morphology Colors Description
fragments o f 
stage VI
R ounded -su b ro u n d ed  fragm ents o f  pe troca lc ic  (0  5 -1 8cm  
d iam ). C ou rse , w e ll-rouned  eo lian  q u a rtz  g ra in s  fill 
b e tw een  th e  fragm ents.
VI
w eath ered  
2  5Y R  8/2 
p iso lith s  
5 Y R 5 /2
A b u n d an t p iso lith s  range from  3 5 -4 .5  cm . P iso lith s  are 
v e rtica lly  e lo n g a ted  R are, 0 .5 -2  cm  d iam ete r ch e rt g ravels  
ero d in g  o u t m o stly  from  the  cen ters  o f  p iso lith s  S and  g ra ins 
a re  abu n d an t in the  m atrix . V ertica l c rack s  run  th ro ughou t 
the  ho rizon  and  a re  filled  w ith  lam in a  up  to 12cm  th ick . 
O o id s  a re  com m on  b e tw een  lam ina .
III
m atrix  
2 .5 Y R  8/2
H orizon  is le ss  d en se  than  ab o v e  h o rizo n  bu t still strong ly  
indu ra ted  w ith  ca lc iu m  ca rbona te  W eath ers  into nodu les 
w ith  slig h t p la ty  struc tu re . G rave ls  and  n odu le s  w ea thering  
o u t ( 5 -2cm  d iam ). T op  o f  horizon  has  - 1 0  cm  th ick  sets o f  
lam inae  th a t g rad es  into tlie u nderly ing  m aterial.
II
sed im en ts  
7 .5Y R  7/4 
n odu les 
2  5 Y R  8/2
M uddy  C reek  sed im en ts  con ta in  lenses o f  g ravels  o f  abundan t 
ch e rt an d  ra re  lim esto n e  litho log ies  ( l-3 c m  diam ). C om m on  
s tage  II nodu le s  u p  to 5cm  d iam . w ith  rare ca lc ified  roots.
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Stage o f  Carbonate 
Morphology
Colors Description
fragments o f 
stage VI
R ounded  to an g u la r pe troca lc ic  fragm en ts  I -3 0 cm  diam eter. 
S m aller p ieces  are  m ore  ro unded  and  la rg er a re  m o re  angu lar.
VI
pisolitlis 
5 R 5 /1  
m atrix  
5 Y R  7/3 
pen d an t lam ina 
7.5 Y R  7/1 
m a trix  p iso lith  
5 Y R 7 /2
H ighly  indu ra ted  w ith  ca lc iu m  carbona te . L arge  (u p  to  13cm ) 
p iso liths w ith  v ertica lly  e lo n g a ted  shapes. N o g rave ls  
e rod ing  out. P iso lith s  ap p e ar as la rge chuntcs o f  p e trocalc ic  
m aterial. V ertica l lam in a  up  to  5cm  th ick  and  ra re , th in  
lam ina  (po ssib le  ro o t t r a c e s ) . P iso liths ap p e ar in pa tches  o r 
g roups. N o n -con tinuous zone o f  lam ina tion  a t b o undary  w ith  
b recc ia ted  ho rizon  th a t is l-5 c m  thick.
III
m atrix
7 .5  Y R  8 /t  
n odu les
2 .5  Y R  8/1
s ilica  a) 
5Y  8/2
Indura ted  w ith  ca lc iu m  ca rb o n a te  but not as indu ra ted  as 
horizon  above . N o d u la r to  b lo ck y  s tructu re  w ith  1cm 
rounded  n odu le s  R are patches  o f  w h a t ap p e ar to be s ligh t 
accu m u la tio n s  o f  silica
II
7 /5Y R  7/6  
m o ttles  
Ig lcy  8 /n
F iner g ra ined  M uddy  C reek  sed im en ts  w ith  so m e m ottling , 
m anganese  s ta in in g  and  nodu les. S ubangu la r b locky  
to  co lum nar s truc tu re  L arge roo ts an d  nodu les
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Stage o f  Carbonate 
Morphology Colors Description
fragments of 
stage VI
7 -25  cm  an g u la r-su b a n g u la r b locks  w ith  p endan ts  form ing 
o n  the  Ijottom  o f  the  pieces. lEolian m a trix  be tw een  
fragm ents.
VI
lam ina
I0 Y R 8 /3
V ertica l c rack s  cu t th rough  the  p ro file  an d  reach  the 
transitiona l horizon . M ost cracks are  open. C o m m o n , w ell- 
ro unded  ch e rt g ravels  w ea thering  ou t. G rave ls  a re  in cen ters  
o f  p iso liths. A b u n d an t p iso lith s  w ith  pe troca lc ic  fragm en ts  
in cen ter. P iso lith s  are  IO -20cm  in d iam ete r and  u p  to  30cm  
vertical.
III
m atrix
7.5  Y R  8/1 
nodu les
2 .5  Y R  8/1
H orizon  is indu ra ted  w ith  ca lc iu m  ca rbona te  bu t is less 
dense  than  the  above  horizon . N o du les  and  p la ty -lik e  
s tructu re. R are  g ravels  w ith  rare  pendan ts e ro d in g  out.
II
nodu le s  
2 .5  Y R  8/1
M uddy  C reek  sed im en ts  w ith  ra re  nodu les and  ro o t traces. 
G ravel in m in o r channel lenses.
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Stage o f  Carbonate 
M oiphology
Colors Description
VI
fresh  m atrix  
1 0 Y R 6 /3  
filled  vo ids 
2 .5 Y R  5/6 
p iso lith s  
5 Y R  7/3 
p endan t lam ina 
5 Y R 5 /2  
vertica l lam ina 
2 .5 Y  8/2
V ertica l lam in a  up to 7cm  th ick . A b undan t, v e rtica lly  e lo n g a ted  
p iso lith s  w ith  cen ters  o f  ca rb o n a te  m a trix  an d  ra re  ch e rt g ravels  
ero d in g  out. C om m on  w ell-rounded  ch e rt g rave ls  w ea thering  
from  top  and  sides o f  p ro file . G rave ls  (0.5-1 cm ) a re  abu n d an t in 
the  up p er 0  5m  o f  the  horizon . P iso liths are  p ro m in en t w here  
th e re  a re  g ravels . R are bu rrow s an d /o r ro o t traces as  vo ids tha t 
have been  11 lied  in by  eo lian  sed im en t from  above.
III-IV
m atrix
7 .5  Y R  8/1 
nodu les
2 .5  Y R  8/1
N odu lar-p la ty  stru c tu re  w ith  rare  g ravels  (up  to  5 cm ) and  
nodu les (u p  to 9 cm ) ero d in g  out. V ertica l ca lc if ied  ro o t casts  
bo th  h o rizon ta l and  v ertica l (6 .5  cm  long  an d  1.5 cm  d iam  ). 
T he  u p p e r - 1 0  cm  o f  h o rizon  has lam inae  tha t g rad es  into the  
underly ing  m aterial.
II
M uddy  C reek  sandstone  a n d  m udstone  w ith  com m on  ca lc ium  
ca rbona te  n odu le s  and  roo t traces. G rave ls  are  co m m o n  as 
lenses.
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Stage o f  Carbonate 
Morpholog}' Colors
Description
fragments o f 
stage VI
R ounded  petro ca le ie  fragm en ts  w ith  co m m o n  pendan t 
lam ina  o n  u n d ers id e s  o f  b locks. F ragm en ts  ap p ear to  
■|loat’ in  the  eo lian  m ateria ls
VI
m atrix  
5Y R  6/3 
p iso lith s  
7 .5Y R 8/I
A b u n d an t p iso lith s  a rc  vertica lly  e lo n g a ted  in s idev iew  
P iso liths a rc  l-3 c m  diam . an d  e lo n g a ted  up  to  5  cm  long 
w ith  c h e rt g ravels  e rod ing  from  cen ters. F ragm en ts  o f  
p e trocalc ic  m ateria l a lso  as  ce n te r  o f  p iso liths. C om m on  
vertica l lam ina  fill c rack s  th a t c u t th ro u g h  the  horizon  
( '2 0 m m  th ick). C om m on , m o d em  ro o ts  runn ing  th rough  
the  cracks  (1 5 m m  diam ). S m all p iso lith s  can  be seen  
filling  the  cracks. ~ 5m m  d ia m ete r m udba lls  and  m udch ips 
ap p e a r to  be cau g h t up  in  the  m a trix  as  w ell
III
m atrix  and  
nodu les 
2 5 Y R 8 /I
Indu ra ted  w ith  ca lc ium  ca rb o n a te  b u t n o t to  the  ex ten t o f  
the  abo v e  horizon . R are g rav e ls  an d  ro unded  nodu les 
(~ lc m )  w ea th erin g  out.
II nodules 2 5 Y R 8/I
0  5-1 m  th ick  g ravel lenses w ith  nodu les  and  m ud  rip -up  
clas ts  up  to 0 .5  cm .
APPENDIX II
TOTAL ELEMENTAL DATA OF OVERTON 
AND HELL’S KITCHEN PROFILES
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Sam ple ID Depth (cm ) H orizon A1 Ca Fe K Mg S Ba Co Cr Cu Mn Na Ni P Pb Sr Zn
OV-1 10 M
OV-2 80 M 0.2 31.9 1.22 0.04 0.41 0.05 301 33 160 98 328 355 20.4
OV-3 150 T 0.17 33.6 0.14 0.04 1.66 0.07 1404 19.7 616 373 80.6
OV-4 200 T 0.28 28 0.16 0.09 2.28 0.34 745 18.9 673 53.3 580 5.7
OV-5 270 T
HK-1 10 M 0.16 26.8 8.61 0.06 0.41 0.07 1145 245 1288 573 629 67.7 201 20.8 296 27.4
HK-2 70 M - - - - - - - - - - - - - - -
HK-3 120 M
HK-4 190 T 0.33 31.2 0.65 0.06 1.36 0.05 9907 13.5 63.4 45.3 161 274 12.8
HK-5 290 T 0.98 9.24 0.84 0.18 2.23 0.09 1716 9.7 7.6 70.6 351 168 11.9
Total elemental data from bulk soil samples. Analyses performed by Utah State Analytical Laboratories. 
Dashes indicate samples where no data was collected.
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APPENDIX III 
XRD GRAPHS
The following graphs were obtained from XRD analyses o f the <2pm fraction o f 
samples from the eolian and M uddy Creek sediments, H ell’s Kitchen profile (HK), and 
Overton (OV) profile. Mineral abbreviations are: (Sm) smectite, (P) palygorskite, (S) 
sepiolite, (K) kaolinite, (I) illite, (Cl) chlorite, (Q) quartz, (C) calcite, (Mg-C) magnesium 
calcite, (D) dolomite, and (U) unknown.
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APPENDIX IV
FEATURE MEASUREMENTS FROM SLABBED SAMPLES 
The data in the following charts record the characteristics o f circular (pisolith) features 
in selected slabs from the Riverside (RI), H ell’s Kitchen (HK), Radio Ridge (RR), 
Jackrabbit (JR), Big Bull (BB), Logandale (LD), and Overton (OV) profiles. All 
measurements were made with a digital caliper. Nucleus composition was recorded as a 
gravel (G), fragment o f  pedogenic material (P), or unknown (U).
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IX.
LATE CENOZOIC UNITS 
ALLUVIAL DEPOSITS
Alluvial deposits of ephemerai w ashes and alluvial fans. Boulder to 
gravel sized sediments derived from the Black Mountains that 
bound the eastern side of the map area and from the Newioerry 
Mountains to the west. Black Mountain sedim ents are Proterozoic 
gneiss and granites overlain by thick Miocene volcanics. Newberry 
deposits are Miocene piutonic rock lithologies. Proximal to distal 
fan sedim ents interfinger with flat-lying sands, muds and 
congiomerates of basin fill sedim ents (Tic) in the northern and 
western section of the map area and sands and graveis of the 
Colorado River (Tcb) in the western half o f the map area. Tertiary 
alluvium of the Black Mountains (Tfb) and Newbeny Mountains 
(Tfn) interfinger beiow and are incised by Colorado gravels and 
represent axial valley fill prior to the deposition of Colorado River- 
related sedim ents (House et al., 2005). In the map area, 
Pleistocene-Holocene alluvium (Qao, Qai, Qay) are deposits of 
abandoned and active inset fans cut into older Tertiary (Tfb) 
Tanglomerates' and are commonly le ss  indurated. Oldest 
Quaternary landforms (Qao) represent surfaces similar to 
Pleistocene ballenas described by Peterson (1981). Qao surfaces 
are not well preserved in the map area. Younger Quatemary 
surfaces (Qai) are represented by flat-topped inset fans, fanhead 
trenches and drainageways (Peterson, 1981), and can cap cut-in-fiil 
terraces. The oidest and topographically higher surfaces are highiy 
dissected and younger surfaces display modem bar and swale 
development.
Alluvial sedimentation began prior to the formation of the Colorado 
River a s Miocene basin infill and continues into the Hoiocene with 
ephemeral w ashes and debris flows. Alluvial activity has spanned 
the past 5-6 Ma based on interfingering ash  deposits (House et ai., 
2005). In the map area, strong carbonate soils (stage VI 
morphology) (Gile et al., 1966; Bachman and Machette, 1977) cap 
Black Mountain fanglomerates (Tfb) and Colorado fill (Tcb) 
sediments o f surfaces that are the topographically highest surfaces 
and mark the onset of deep incision beginning in the Piiocene from 
a through-flowing Colorado River system . Pleistocene-Holocene 
surfaces (Qao, Qai, Qay) are conolated to landforms studied 
throughout the southwest and a g es  are inferred based on surface 
characteristics, topographic position, and soil development similar to 
those described in other studies in the S.W. U.S. (Sowers et al., 
1988; Bull, 1991) and In adjacent mapped areas (Pearthree et al., 
2004; House et al., 2005).
Alluvial deposits were differentiated based on their induration, 
topographic position, soil development, carbonate horizon 
morphology, and surface characteristics such as degree of 
dissection, surface rounding or planation, and degree of desert 
pavement development. Aerial photographs were used to 
differentiate landfomns by evaluating their topographic reiationships, 
and surface darkening from desert pavement development. Strong, 
stage VI soils were easily identified based on their strong, light 
color, significant lack of vegetation compared to the other surfaces, 
and planation of surface. The area w as mapped at 1:24000 scale  
using aerial photographs and digitized on digitai orthophoto 
quadrangies. Differentiation of other Tertiary units was based on 
tiiting of deposits, grain size, clast lithologies, induration, and 
sedimentary structures including cross-bedding, clast imbrication, 
and buried paieosols.
PIEDMONT ALLUVIAL DEPOSITS AND BASIN FILL DEPOSITS
I---------- 1 H oiocene alluvium, undivided Deposits of silt, sand, and
I I gravel on active alluvial fans, and in washes. Inciudes some
abandoned fluvial lemaces flanking active channeis. Bar and 
swaie topography is well preserved with no desert vamish or pavement 
development Lithologies of clasts are volcanic and there is iiWe to no 
soil development
I------------- 1 Middle P leistocene to  Earliest Hoiocene alluvium,
I Qsl I itnrlluiHaH rWinsHc nf sanH anrt nravei on inacHve alluvial
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position, soil development, carbonate horizon 
and surface characteristics such a s  degree of 
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ALLUVIAL DEPOSITS AND BASIN FILL DEPOSITS
jfocene alluvium, undivided Deposits of silt, sand, and 
avel on active alluvial fans, and in wasfies. Includes some 
landoned fluvial tenaces flanking active channels. Bar and 
aphy is well preserved with no desert vamish or pavement 
L Uthologies of clasts are volcanic and there is little to no 
nenl
AiMLt P leistocene to  Earliest H oiocene alluvium.
P liocene 2.5 m thick, strong stage V-VI caicium 
cartxjnate soil that caps Black Mountain fanglomerates 
(Tfb) and Colorado River fiii (Tcb). This petrocalcic soil 
caps the highest geomorphic landforms of the mapping 
area. Surfaces have similar degraded features a s  the 
Mormon Mesa stage VI petrocalcic horizon but pisolilhs 
do not appear to be as well developed (Gardner, 1972; 
Brock and Buck, in preparation). Soil contains >5cm 
lamina with pisoliths a s  concentric lamina around 
incorporated basalt, rhyolite, chert, and quartzite gravels 
and cobbles. When viewed in vertical profile, pisoliths 
display elongated, pendant-like forms. The surface of the soil is 
highly degraded and in many areas m ost of the petrocalcic horizon 
has been eroded. Surface has -10cm  diameter anguiar-rounded 
pieces of petrocalcic and exhumed and rotated pendants. This 
upper breccia ted surface is approximately 5m thick and may 
represent the influence of multiple climates throughout the 
Pleistocene (Brock and Buck, in preparation). Desiccation cracks 
are common and rare vertical lamina are found infilling these 
cracks. This surface is easily identifiabie on aerial photographs 
because of its significantly lighter color, and flat surface relative to 
other surfaces in the map area.
M iocene to P liocen e Indurated deposits of coarse 
grained aiiuvium (fanglom erate) from the Black
Mountains.
Tfh M iocene to  P liocen e Indurated deposits of coarse 
grained alluvium (fanglom erate) from the Newtieny
Mountains.
Late Miocene{?) to  early P liocen e  Bouse Formation of 
Metzger (1968). Flat-lying marl and poorly consolidated 
mudstone, sandstone, and minor gravel.
Late M iocene Lost Cabin beds of House et al. (2005). 
Pre-river integration valley fill sequence of conglomerate, 
sandstone, and mudstone.
I  Upper Lost Cabin b e d s  Sequence of flat-lying beds 
I  of sandstone and minor mudstone. Minor gravel 
except along lateral margin where interfingered beds of cobble 
conglomerate are common.
TIcI
Lower Lost Cabin b e d s Flat-lying deposits of fluvial 
sand and gravel. Clast compositions of intertonguing 
beds vary from strongly Black Mountain source to strongly 
Newberry Mountain source to a mixture of 1x3th.
Middle(7) M iocene to  late M iocene Older valley fill 
deposits of sand and gravel. Locally to extensively tilted.
COLORADO RIVER ALLUVIAL DEPOSITS
Q cc
Middie(?) to  late P le isto cen e  The Chemehuevi tseds a s  
defined by House et al, (2005). Deposits of sand, silt,
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 1 H oiocene alluvium, undivided Deposits of sût, sand, and
I gravel on active alluvial fans, and in washes. Includes some 
abandoned fluvial temaces flanking active channels. Bar and 
swale topography is well preserved with no desert vamish or pavement 
development Lilhologies of clasts are volcanic and there is little to no 
soil development
deposits of sand and gravei. Lc
Qai
Middle P leistocene to Earliest Hoiocene alluvium, 
undivided Deposits of sand, and gravel on inactive aiiuviai 
fans. Moderate soil development evident as stage l-iV caicic 
(Gk) horizons. Locally divided into subunits Qail, Qai2, and 
Qai3 (in decreasing age) from trasis of reiative topographic relations. 
Planar surface morphology typcal of related alluvial fan landforms. 
Often difficult to tell from cut tenaces into older fanglomerate trecause of 
similar lithologies. Represent episodes of inset fan development 
between older fan remnants of (Tfb) (Peterson, 1981) that conespond to 
downcutting of the Colorado River system. These units are prominent in 
the lower 1/3 of the map.
Latest P leistocene to Early Hoiocene aiiuvium Deposits of 
sand, and gravel on mostly inactive aiiuviai fans but may 
have activity in high flooding. Stands -1-2m  above modem wash with 
moderate bar and swale topography. No desert pavement or desert 
vamish. Slight caicium cartxxiate deveiopment (stage I).
Qab
Middle P leistocene to  Latest Pleistocene alluvium
Deposits of sand, and gravel on inactive aiiuviai fans. 
Minimal exposures throughout the map area. Fairly flat with 
moderate desert pavement Pendants are rare on overtimed 
cobtiles on the surface. Surface clasts are predominantly volcanic, 
range from 1-15cm, and average 3.3 cm in size. Siight tiar and swale 
with patchy desert pavement that is moderately developed. Landform 
has -3%  slope towards the w est Desert vamish is present on basait 
boulders and gravels. Cartxinate morphology is stage il-ill.
Qai,
Middle P leistocene aiiuvium Deposits of sand, and gravel 
on inactive aiiuviai fans. Surfaces are flat with a  2-4% slope 
to the w est Surface clast lithology is dominantly volcanic as 
common cobbles and rare boulders. Desert vamish is 
common and is predominantly found on basalt boulders and clasts. 
Mean dast size is 3.3 cm and range in size from 1-10.5 cm. Caldum 
cartanate is expressed as carbonate collars (McFadden et al., 1988) on 
overtumed clasts in disturtied areas and a s a stage lll-IV cartxinate 
morphotogy. Dissection is common and slight rounding of the surface is 
created from onfan drainageways (Peterson, 1981). These landforms 
connect with prominent aprons of sediments from higher Tfb landforms.
Qao
Early to Middle P leistocene aiiuvium Alluvial fan deposits 
of sand and gravel. Strongly erostonal topographic form and 
occurs as a rounded degraded surface. Topographicaliy 
higher than tfie Qail iandform and has surface rounding 
similar to ballena surfaces of Peterson (1981). Similar surface 
characteristics to Qail but does not have the slight bar and swale. 
Patchy areas of moderate-strong desert pavement development with 
mostly angular clasts. Volcanic lithologies are dominant Rare-common 
pieces of stage iV laminar cap exposed at the surface with rare, 
exposed overturned clasts with pendants. Thick caicium cartxxiate soil 
(stage IV+). Desert pavement clasts range in size from .5-103 cm and 
average 4.2 cm. Strong desert vamish on basalt boulders and gravels.
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Hoiocene alluvium, undivided Deposits of silt, sand, and 
gravel on active alluvial fans, and in washes. Includes some 
at>andoned fluvial terraces flanking active channels. Bar and 
%raphy is well preserved with no desert vamish or pavement 
e n l Uthologies of clasts are volcanic and there is iittle to no 
jpmenL
Middle Pleistocene to Earliest Hoiocene alluvium, 
undivided Deposits of sand, and gravel on inactive alluvial 
fans. Moderate soil development evident a s  stage l-IV calcic 
(Bk) horizons. Locally divided into subunits Qail, Qai2, and 
decreasing age) from basis of relative topographic reialions. 
surface morphology typical of related alluvial fan landforms. 
licult to tell from cut terraces into older fanglomerate because of 
ithologies. Represent episodes of inset fan development 
I older fan remnants of (Tfb) (Peterson, 1981) that correspond to 
Iting of the Colorado River system. These units are prominent in 
r 1/3 of the map.
Latest Pleistocene to Earty Hoiocene alluvium Deposits of 
sand, and gravel on mostly inactive alluvial fans but may 
livity in high flooding. Stands -1-2m  atx3ve modem wash with 
le bar and swale topography. No desert pavement or desert 
Slight calcium cartxxiate deveiopment (stage I).
Middle Pleistocene to Latest Pleistocene alluvium
Deposits of sand, and gravei on inactive alluvial fans. 
Minimal exposures throughout the map area. Fairly flat with 
moderate desert pavement Pendants are rare on overtumed 
i on the surface. Surface clasts are predominantly volcanic, 
rom 1-15cm, and average 3.3 cm in size. Siight tiar and swale 
itchy desert pavement that is moderately developed. Landfonn 
% slope towards the w est Desert vamish is present on basait 
rs and gravels. Cartxinate morphology is stage ll-lll.
I Middle Pleistocene alluvium Deposits of sand, and gravel
I on inactive alluvial fans. Surfaces are flat with a 2-4% slope
to ttie wesL Surface clast lithology is dominantly volcanic as 
common cobbles and rare boulders. Desert vamish is 
on and is predominantly found on trasalt txiulders arxl clasts, 
clast size is 3.3 cm and range in size from 1-10.5 cm. tZakium 
late is expressed as cartxinale collars (McFadden et ai., 1988) on 
med clasts in disturtied areas and as a stage lll-IV cartxinate 
lofogy. Dissection is common and slight rounding of the surface is 
d from onfan drainageways (Peterson, 1981). These landforms 
ct with prominent aprons of sediments ftom higher Tfb landforms.
] Early to Middle Pleistocene alluvium Alluvial fan deposits of sand and gravel. Strongly erosionai topographic farm and 
occurs a s a rounded degraded surface. Topographicaiiy 
higher than the Qail landform and has surface rounding 
r to trallena surfaces of Peterson (1981). Similar surface 
cteristics to Qail but does not have the slight tiar and swale, 
ly areas of moderate-strong desert pavement development with 
y angular clasts. Volcanic lithologies are dominant Rare<ommon 
s  of stage IV laminar cap exposed at the surface with rare, 
sed overtumed clasts with pendants. Thick calcium carixmale soil 
a IV+). Desert pavement clasts range in size from .5-103 cm and 
ige 4 .2  cm. Strong desert vamish on Lrasalt boulders and gravels.
it DeposKsA/alley Fill Colorado River Deposits
Qay
deposits o f sand and gravel. Locally to extensively tilted.
COLORADO RIVER ALLUVIAL DEPOSITS
Qcc
Middle(?) to late Pleistocene The Chemehuevi tieds a s  
defined by House et al. (2005). Deposits of sand, siit.
mud, and minor gravel.
Tcb Pliocene. Alluvium of Bullhead City Thick, compiex 
deposits of cross-stratified sand and gravel. Well rounded
chert and quartzite gravels are diagnostic of this unit.
rcbfTffa Miocene to Piiocene aiiuvium Intertonguing sedim ents 
of Black Mountain fanglomerates (Tfb) and deposits of 
Colorado Bullhead City alluvium (Tcb). Deposits are 
predominantly of volcanic fanglomerate with rare-common, well- 
rounded, river gravels eroding from surface and sides of landforms.
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I Early to  Middle P leistocene aiiuvium Alluvial fan deposits
I  of sand and gravel. Strongly erosionai topographic form and
occurs as a rounded degraded surface. Topographicaliy 
higher than the Qai1 landform and has surface rounding 
similar to ballena surfaces of Peterson (1981). Similar surface 
characteristics to Qail but does not have the slight tiar and swale. 
Patchy areas of moderate-strong desert pavement development with 
mostly angular dasts. Volcanic iithologies are dominant Rare-common 
pieces of stage IV laminar cap exposed at the surface with rare, 
exposed overtumed dasts with pendants. Thick caidum cartxxiate soii 
(stage iV+). Desert pavement dasts range in size from .5-103 cm and 
average 4.2 cm. Strong desert vamish on basalt txiulders and gravels.
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Eariy to  Middle P leistocene alluvium Alluvial fan deposits 
of sand and gravel. Strongly erosionai topograpfiic form and 
occurs as a rounded degraded surface. Topograptiically 
higher than the Qail landform and has surface rounding 
to ballena surfaces of Peterson (1981). Similar surkice 
haracteristics to Qail but does not have the slight bar and swale, 
•atchy areas of moderate-strong desert pavement development with 
lostiy angular dasts. Volcanic lithologies are dominant Rare-common 
ieces of stage tV laminar cap exposed at the surface with rare, 
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